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Section |. Overview

The Institute of Geophysics and Planetary Physics (IGPP) isaMulticampus
Research Unit of the University of Cdifornia (UC). |GPP was founded in 1946 at
UC Los Angeles with a charter to further research in the earth and planetary sci-
ences and in related fields. The Institute now has branches at UC campusesin Los
Angeles, San Diego, Riverside, and Irvine and at Los Alamos and Lawrence
Livermore national |aboratories.

The University-wide | GPP has played an important role in establishing interdis-
ciplinary research in the earth and planetary sciences. For example, IGPP was
instrumental in founding the fields of physical oceanography and space physics,
which at the time fell between the cracks of established university departments.
Because of its multicampus orientation, | GPP has sponsored important i nterinstitu-
tional consortiain the earth and planetary sciences. Each of the six brancheshasa
somewhat different intellectual emphasis as aresult of the interplay between
strengths of campus departments and Laboratory programs.

The IGPP branch at Lawrence Livermore National Laboratory (LLNL) was
approved by the Regents of the University of Californiain 1982. IGPP-LLNL
emphasizes research in seismology, geochemistry, cosmochemistry, high-pressure
sciences, and astrophysics. It provides avenue for studying the fundamental aspects
of thesefields, thereby complementing LLNL programs that pursue applications of
these disciplinesin national security and energy research. IGPP-LLNL isdirected
by Charles Alcock and is structured around three research centers. The Center for
Geosciences, headed by George Zandt and Frederick Ryerson, focuses on research
in geophysics and geochemistry. The Center for High-Pressure Sciences, headed by
William Néllis, sponsors research on the properties of planetary materials and on
the synthesis and preparation of new materials using high-pressure processing. The
Astrophysics Research Center, headed by Charles Alcock, provides a home for the-
oretical and observationa astrophysics and serves as an interface with the Physics
Department’s Laboratory for Experimenta Astrophysics and with other astro-
physics effortsat LLNL.

The IGPP branch at LLNL (aswell asthe branch at Los Alamos) also facilitates
scientific collaborations between researchers at the UC campuses and those at the
national laboratoriesin areas related to earth science, planetary science, and astro-
physics. It doesthis by sponsoring the University Collaborative Research Program
(UCRP), which provides funds to UC campus scientists for joint research projects
with LLNL. The goals of UCRP are to enrich research opportunities for UC campus
scientists by making available to them some of LLNL's unique facilities and exper-
tise, and to broaden the scientific program at LLNL through collaborative or inter-
disciplinary work with UC campus researchers. UCRP funds (provided jointly by
the Regents of the University of Caiforniaand by the Director of LLNL) are
awarded annually* on the basis of brief proposals, which are reviewed by a com-
mittee of scientists from UC campuses, LLNL programs, and external universities
and research organizations. Typical funding for a collaborative research project
ranges from $5,000 to $25,000 per year. Funds are used for avariety of purposes,
including support for visiting graduate students, postdoctoral fellows, and faculty;
released-time salariesfor LLNL scientists; and costs for experimentd facilities and
supercomputing time.

* Further information about the University Collaborative Research Program, including guidelines for submitting
proposals, may be obtained from Christina Budwine, Operations Manager, IGPP-LLNL, L-413, Lawrence
Livermore Nationa Laboratory, PO. Box 808, Livermore, CA 94551 (telephone: 510-423-4476; e-mail address:
budwine2@lInl.gov).
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Figure 1.
Distribution of FY
1994 UCRP awards
to UC campuses
from IGPP-LLNL:
(a) funds awarded in
thousands of dollars
and (b) number of
proj ects funded.

Although the permanent LLNL staff assigned to IGPP isrelatively small
(presently about seven full-time equivalents), IGPP's research centers have grown
into vital research organizations. This growth has been possible because of |GPP
support for a substantial group of resident postdoctoral fellows; because of the thirty
or more UCRP projects funded each year; and because | GPP hosts a variety of visi-
tors, guests, and faculty members (both from UC and other institutions) on sabbati-
cal leave. To focus attention on areas of topical interest in the geosciences and
astrophysics, IGPP-LLNL hosts conferences and workshops. IGPP-LLNL also
organizes three seminar series: one in astrophysics, one in high-pressure sciences,
and onein the earth sciences. Section 1V lists the seminars given in FY 1994,

Figures 1 and 2 give a statistical overview of IGPP-LLNL's UCRP (colloquial-
ly known as the mini-grants). Figure 1 shows the distribution of UCRP awards
among the UC campuses, by total amount awarded and by number of proposals
funded. Figure 2 gives the distribution of awards by center, showing that the awards

(a) Funds awarded (in thousands of $) (b) Numbers of awards

ucb
$22.3

UCSB ucsB
$19.9 1
I:I Northern California campuses l:l Southern California campuses

Figure 2. Digtribution
of awards by
IGPP-LLNL center.
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Overview

are broadly spread over the areas we support. In addition, IGPP-LLNL hosts an
increasing number of scientific visitors. During FY 1994, 31 scientists spent aweek
or more in residence.

Since FY 1987, IGPP-LLNL has maintained a bibliography of published
research papers resulting from UCRP projects and from research by the IGPP's
staff, postdoctoral fellows, and consultants. These lists are published each year in
the annual report. Section V gives the bibliography for FY 1994. As ameasure of
research productivity, the results are gratifying. The abundance of publications from
IGPP collaborative projectsis ameasure of the significance of the results obtained
in these projects. This refereed-journal publication rate for |GPP-related projects
corresponds to more than 1 paper/year for each faculty member, 2 papers/year for
each IGPP postdoctoral fellow, and 2 papers/year for each |GPP staff member.
Figure 3 compares the total papers published in refereed journals or conferences for
the last four years. (Note that, because of the extensive peer-review process for most
scientific journals, several papers submitted by the principa investigators are still in
progress. Therefore, we cannot give an accurate total of 1994 papers published until
we receive formal notification from the journals and authors.)

To prepare for the future, IGPP-LLNL is exploring new directionsin its
research. These ventures, some of which are described in this report, include new
applications of technol ogies developed for astrophysics experiments, new directions
in geodesy, and the mapping of tectonic movements over long periods by isotope
analysis of rock samples.
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Section 1. Highlights of Fiscal Year 1994

Center for Geosciences

The primary purpose of the IGPP-LLNL Center for Geosciencesisto promote
collaborative research in the earth sciences between LLNL and UC researchers.
Many subdisciplines within the geosciences are employed by LLNL's mission-
oriented programsin national security and energy research. IGPPis able to draw
upon these capabilities and expertise and to act asafocal point for research in the
more fundamental aspects of these areas. In doing so, we hope to consolidate many
unique talents and capabilities at LLNL and provide an easily identifiable avenue for
LLNL-UC collaborations. The Center for Geosciencesisthe physical and scientific
focusfor interactions with visitors for academic (UC and other universities), industri-
al, and government geoscience research ingtitutions. The center’s past research
emphasis on the physics and chemistry of the solid Earth, including seismology, geo-
chemidtry, experimental petrology, minera physics, and hydrology, continues along
with arecently initiated effort in interdisciplinary studies of active tectonics,

The center islocated in and partially supported by the LLNL Earth Sciences
Department. It has strong ties with several programs within the Earth Sciences
Department as well as the |sotope Sciences Division of Chemistry and Materials
Science, whichisamajor contributor of scientific expertise and facilities supporting
collaborative efforts in geochemistry. The center provides access to computational,
experimental, and analytical research facilities and supports fieldwork for geophysi-
cal and geochemical studies.

Operational responsibilitiesfor the center are shared by George Zandt and Rick
Ryerson. Zandt is a seismologist with interests in upper mantle and crustal structure
and tectonics and in devel oping seismic underground imaging techniques. He pro-
vides oversight for research projectsin seismology and observational geophysics.
Ryerson is a petrologist with interests in diffusion in rock-forming minerals, rheolo-
gy of partially molten crustal rocks, and high-pressure and high-temperature
mineral-melt phase equilibria. He provides oversight for projectsin geochemistry,
minera physics, and experimental geophysics and is also actively involved in field
studiesin Tibet and southeast Asia.

The Center for Geosciencesis located in an areawith minimal access controls,
thus alowing university collaborators ready accessto LLNL computational facili-
ties. This area houses the center’slibrary and several computer workstations for use
by visitors and staff, and it is the focus of our activitiesin seismology and geo-
physics. State-of-the-art seismological field equipment is available for collaborative
studies. Portable broadband seismic stations can be deployed worldwide to provide
datafor crustal and mantle structure investigationsin difficult access terrains.

Research in geochemistry and experimental geophysics takes placein the Earth
Science and I sotope Sciences facilities. The Isotope Sciences facility housesanion
microprobe, an electron microprobe, an inductively coupled plasma (ICP) mass spec-
trometer, and clean laboratory facilities for preparing accel erator mass spectrometry
(AMS) samples. The Earth Science experimental facilities include apparatus for
high-pressure gas media deformation experiments; piston cylinder and multi-anvil
laboratories; and laboratories for electrical conductivity measurements, crystal
growth, diamond cell experiments, and cryogenic deformation experiments. In addi-
tion, we have laboratories for x-ray diffraction analysis and infrared spectroscopy.
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Research Highlights

The Center for Geosciences has devel oped a research program to study the
physics and chemistry of the solid Earth, including seismology, geochemistry,
experimental petrology, minera physics, hydrology, and active tectonics. The fol-
lowing pages give asummary of some of this research.

Seismic Exploration of the Degp Altiplano

We are participating in an ongoing deployment of a passive source, broadband,
seismic experiment in the central Andean Cordillera of Bolivia and northern Chile.
Thisisan international, multi-institutional experiment with participants from
LLNL, the University of Arizona, the Carnegie Ingtitution of Washington, and San
Calixto Observatory of LaPaz, Bolivia. The main LLNL participants are George
Zandt (the principal investigator), |IGPP postdoctoral fellows Stanley Ruppert and
Annie Kersting, and chief project engineer Don Rock. The main scientific objective
isto extend our understanding of the deep structure and tectonics of the central
Andean Cordilleraand in particular the Altiplano plateau, the world's highest
plateau associated with ocean-continent subduction. The passive source experiment
congists of a 16-station, east—west transect called the Broadband Andean Joint
(BANJO) Experiment and a 7-station, north—south transect called the Seismic
Exploration of the Deep Altiplano (SEDA) Experiment. The equipment for BANJO
is provided by the Incorporated Research Ingtitutions for Seismology (IRIS) and the
Carnegie Institution of Washington, and the experiment is funded by the National
Science Foundation. The equipment for SEDA is provided by LLNL, and the pro-
ject isfunded by the Department of Energy.

We deployed 7 broadband seismic stationsin Bolivia extending from La Paz to
Uyuni (~17° to 20.5°S). The roughly north—south transect lies aong the eastern
edge of the Altiplano between 67° and 68°W and intersects the east-west BANJO
broadband deployment near 19°S. The 7 SEDA gations, the 4 BANJO stations on
the Altiplano, and the IRIS station LPAZ combine to form a 12-station broadband
network to investigate the deep structure of the Altiplano (Figure 1). Howeve,
before we could start our structural studies, something remarkable happened. On
June 9, 1994, less than two months after we had installed the network, a magnitude
8.3 earthquake occurred 636 km benesth northern Bolivia. Thiswas the largest deep
earthquake to occur since modern selsmic stations have been ingtalled, and we
recorded it with our portable broadband array.

Using dl available datafor the mainshock and our data for the aftershocks, we
determined that the earthquake occurred on anearly horizontal fault within the sub-
ducting Nazca Plate, and the rupture propagated bilaterally across the width of the
dab. The fault areawe inferred from analyzing the waveformsis about 40 km by
50 km, and the rupture propagated at avelocity of 1 to 2 km/s, which is remarkably
dow. We identified only 36 aftershocks (M > 2) in the 10 days following the main-
shock. The aftershocks occurred mostly beneath the main fault planein an area
measuring 60 km by 60 km by 35 km, with predominantly normal faulting mecha-
nisms. The volume of the seismogenic zone is much larger than previoudy predict-
ed by the transformational faulting mechanism and thus throws open the question
about the faulting mechanism for deep earthquakes.

We are analyzing teleseismic events and local dab earthquakes, so we can
explore the lithospheric structure of the Altiplano and investigate the anisotropy of
the Altiplano mantle. Local, deep-focus events were used to compute receiver func-
tions so we could isolate P-to-S converted phases from major lithospheric disconti-
nuities beneath each station. Large Moho Ps conversions arrived about 8to 10 s
after the Pwaves at al stations, thusindicating that the crustal thickness varies from
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Figure 1. Map of
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65 to 80 km. Local, intermediate-depth events generated large S-coupled P waves
that propagated in the crustal waveguide. Reflectivity modeling of a pure Altiplano-
path profile of waveforms with periods > 10 sis consistent with a crust about 70 km
thick, with a 10-km-thick, 5-km/s layer over a6.2-km/slayer. Higher-frequency
waveforms revea consistent arrivals, which we are attempting to model for more
details of the lithospheric structure.
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Preliminary results using teleseismic SKS, SKKS, and deep-focus ScS events
revealed significant upper-mantle anisotropy. The fast polarization direction is
approximately west-northwest—east-southeast for the northern stations and changes
to north-northwest—south-southeast under the southern stations, following the cur-
vature of the trench and the Andean Cordillera. All of the SEDA stations exhibit
delay times between 0.75 to 0.95 s. Further analyses of slab events and converted
crustal phases are required to separate the effects of anisotropy within the thick
crust, the mantle wedge above the slab, and the mantle beneath the dab.

Southern Sierra Nevada Continental Dynamics Project

Mount Whitney, located within the Sierra Nevada in central Californiaand the
highest peak in the conterminous United States, lies less than 150 km from the low-
est point—Death Valley. Until now, crustal thickness and upper-mantle velocities
beneath the region were poorly understood, complicating the study of tectonic pro-
cesses responsible for the recent uplift of the Sierra Nevada. Two end-member mod-
els have been proposed: athick, Airy-isostatic mountain root or athin crust
overlying an anomal ous mantle that provides isostatic compensation. Previous seis-
mic investigations of the Sierran crust and mantle were unable to resolve these two
tectonic processes. However, in analyzing the seismic-refraction travel-time and
amplitude data collected during the 1993 Southern Sierra Nevada Continental
Dynamics (SSCD) project, we found aregion of local crustal thickening, with a
crustal welt about 40 km thick, centered 80 km west of the Sierran topographic crest
(Figure 2) and thin crust beneath the highest Sierran topography. Because the P
velocities are low and there is no thick isostatic crustal root centered beneath the
Sierran crest, we concluded that the recent uplift of the Sierra Nevadais most likely
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Figure 2. Location of the SSCD seismic refraction profiles. The Non-Proliferation
Experiment (NPE) was fired at the Nevada Test Ste and recorded on instrumentsin
the west—east line. Tectonic features shown are the Serra Nevada batholith and
metamor phic belt. The major fault lines shown are San Andreas Fault (SAF),
Garlock Fault (GF), Kern Canyon Fault (KCF), Serra Nevada Fault (SNF),
Furnace Creek Fault (Death Valley, DV), and Panamint Valley Fault (PV).
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due to asthenospheric upwelling, lithospheric thinning, or a combination of both
processes beneath the southeastern Sierra Nevada and Basin and Range.

The Sierra Nevada, composed mainly of Mesozoic intrusive rocks of the
Sierran Batholith and remnant metamorphic rocks (Figure 3), has most likely been
uplifted and tilted at least 2 km during the last 10 million years. Since most of the
high topography of the Sierra Nevada (3 to 4 km) existsin isostatic equilibrium,
some form of mass deficit must exist within either the crust or upper mantle beneath
the region that is large enough to compensate the range isostatically. Because there
isadelay between the presumed Mesozoic devel opment of the batholith aswell as
any isostatic crustal root and the late Cenozoic uplift, we have proposed that a
strong lithosphere prevented significant uplift until the lithospheric plate was broken
by encroaching Basin and Range extension.

Another proposal to explain the Sierran uplift is during the Cenozoic, the litho-
sphere thinned as the Mendocino Triple Junction migrated northward, Then the
oceanic lithosphere was replaced by hot buoyant asthenosphere beneath the Sierra
Nevada. In this project, we used previous refraction profiles to interpret both thick
(>50 km) crust and normal (about 8.0 km-$) upper-mantle velocities. Similar
refraction data were also used to interpret thin (about 30 to 35 km) crust overlying a
low-velocity (7.6 to 7.9 km s1) and presumably warm buoyant upper mantle.
However, since the Sierra Nevada has alow apparent hesat flow (<1.5 HFU), we
cannot distinguish between the crustal-root hypothesis and the active upper-mantle
hypothesis because the thermal time constant for the crust exceeds the age of uplift.

Great Valley | Sierra Nevada | Basin and Range
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Figure 3. Final crustal model for the west—east refraction profile. Only those por-
tions of the vel ocity modd that have ray coverage are shown. A local crustal thick-
ening (crustal welt) is centered beneath the western Serra Nevada near seismic
profile (SP) 4 on the east—west profile. Thinner crust is present beneath the highest
topography of the Serran crest near model coordinate 215. Between SP 4 and 5,
the Moho isinterpreted to be laminated (alternating high- and low-vel ocity layers),
giving rise to a reverberatory P, P. Between SP 2 and 3, a west-dipping wedge of
high velocity (6.8 to 7.1 kms) material beneath the Great Valley sedimentary
rocksisinterpreted to be ophiolites. The Serran batholith lower crust has an aver-
age velocity of 6.3 to 6.5 km s, whereas the Basin and Range lower crust east of
Panamint Valley has a higher average velocity of 6.7 to 7.0 kms.
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One of our main objectives of the SSCD project is to resolve the controversy
around the crustal structure of the Sierra Nevada and associated tectonic processes
driving the uplift. To achieve this goal, we collected a broad range of geologic and
geophysical data, including passive and active seismic, gravity, and magnetotel -
luric data. The main seismic survey consisted of two crossing lines, with 19 inline
chemical explosions (shots) separated by about 50 km and ranging from 500 to
4000 kg. Maximum shot-receiver offset is 330 km in the north—south line and
390 km in the west—east line (Figure 3). Additionally, a 480-km-long west—east
profile for the 1-million-kg chemical explosion for the Department of Energy’s
Non-Proliferation Experiment (NPE) was recorded from Beatty, Nevada, west
across the Sierra Nevada along the previously deployed west—east profile, continu-
ing nearly to the Pacific Ocean.

Up to 675 seismic recorders were installed along the ground surface for each
seismic profile. Nominal receiver spacing was about 500 m for the crossed profiles
and 1500 m for the NPE profile. We compared the detailed two-dimensional (2D)
interpretation of the observed Pg, P, and PP seismic phasesfor all inline shots
with an upper-mantle P-wave delay model. We also completed a three-dimensional
(3D) crudtal interpretation and a Moho depth map and gravity interpretation, using
the 2D profiles plus additional fan shots and the NPE data.

Using a 2D, finite-difference travel-time inversion of Pg and P, arrivals, we
resolved upper-crustal velocities of 6.0 to 6.4 km s withinthe Sierran batholith
and Basin and Range; an upper-crustal, west-dipping wedge with velocities of 6.8 to
7.2 km s, which is consistent with ophiolitic material, underlying the Great Valley
sedimentary sequence; and different crustal velocities beneath the Basin and Range
(6.8to 7.0 km s1) than those beneath the Sierran batholith (6.6 km s1). Low aver-
age P, velocities (7.6 to 7.9 km s) and alaminated transitional Moho imaged
beneath the Sierran batholith also differ from the higher P, velocities (7.9 t0 8.0
km s1) and the sharp first-order Moho observed beneath the Basin and Range.

Crustal-thickness variations beneath the Sierran batholith are derived from
travel-time modeling of well-recorded PP reflected arrivals and imply a crustal
welt with a maximum thickness of 42 to 44 km centered beneath the western Sierra
Nevada. The crust thins westward beneath the Great Valley to 28-34 km thick; it
thins eastward beneath the highest Sierran topography to 35 km thick into the Basin
and Range, whereit is 27 to 30 km thick. Crustal thickness increases southeast to
northwest from 27-29 km benegath the Garlock Fault to 38—44 km beneath the north
end of Owens Valley.

A density model derived from the crustal velocity model but with constant
mantle density satisfies the pronounced negative Bouguer anomaly associated with
the western Sierra Nevada. However, it shows alarge discrepancy in the eastern
SierraNevada, increasing to 100 mgal in the Basin and Range Province.
Unfortunately, we cannot match the observed gravity with anomaliesin the crust
alonewith realistic densities. A contribution from the upper mantle, either by lateral
dendity variations or by athinning of the lithosphere under the Sierra Nevada and
the Basin and Range, is required for a physically plausible model. The region of low
P, velocities and the absence of athick isostatic crustal root centered beneath the
Sierran crest suggest that the recent uplift of the SierraNevadais caused by
asthenospheric upwelling, lithospheric thinning, or acombination of both processes
benesth the southeastern Sierra Nevada and Basin and Range.

The SSCD Working Group includes P. E. Malin (Duke University); S. K. Park
(UC Riverside); S. Ruppert (LLNL); G. Jiracek (San Diego State University); R. A.
Phinney (Princeton University); J. B. Saleeby, B. Wernicke, R. Clayton, and L.
Squires (Cdifornia Institute of Technology); R. Keller and K. Miller (University of
Texas a El Paso); C. Jones (University of Nevada at Reno); W. D. Mooney, J. H.
Luetgert, and H. Oliver (U.S. Geologica Survey); S. L. Klemperer and G. A.
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Thompson (Stanford University); and F. Monestero (China Lake
Geothermal Office, Department of the Navy). Funding sources
include the National Science Foundation, the U.S. Department of
Energy (BES and IGPP), the U.S. Department of Defense, and the
U.S. Geological Survey.

Red River Shear Zone

Identifying and determining the relative importance and tempo-
ral variability of the mechanisms responsible for accommodating
convergence during the Indo-Asian collision is fundamental to
understanding the geologic evolution of Tibet and the Himalaya. For
example, researchers have established that part of the Tertiary con-
vergence was absorbed by intracontinental thrustsin the Lesser
Himalaya, Tethyan Himalaya, and Indus-Tsangpo suture zone.
Although some have speculated that similar amounts of thrust-
related thickening occurred throughout Tibet during the Tertiary, rel-
aively little has been securely documented. Complicating smple
thickening modelsisthe proposal that continental extrusion accom-
modated some fraction of the convergence of Indiawith Eurasia after
50 Ma!-3 Although the two deformationd styles are not exclusive of
one another, they reflect disparate views of the response of continen-
tal lithosphere to tectonic forces. Therefore, many researchers who
are attracted to pure thickening models have questioned whether pre-
dictions of the extrusion hypothesis have been borne out.

Because the Tertiary tectonic evolution of the Red River Shear
Zone (RRSZ) isakey prediction of the hypothesis that extrusion of
Indochina accommodated a significant portion of Indo-Asian conver-
gence, this feature has been the focus of considerable attention in
recent years. Traceable from Tibet through Yunnan to the South
China Sea (Figure 4), this belt had previously been interpreted as
either apurely right-lateral fault or asuture of Proterozoic age,
Paleozoic age, or Triassic age. However, in our studies (Rick
Ryerson, IGPP-LLNL, and Mark Harrison, IGPP-UCLA) and those
by our colleagues Paul Tapponnier, Herve Leloup, and Urs Sharer
(Institut de Physique du Globe de Paris) and Chen Wenji and Li Qi
(Chinese State Seismological Bureau), we found that the RRSZ isa
Tertiary, ductile, strike-dip shear zone with aleft-latera offset
greater than 80 km.

The elongated massifsin Vietnam and Yunnan that define the
RRSZ contain metamorphic rocks that have been ductilely
deformed in aleft-dlip sense. In the continental extrusion hypothe-
sis, the South China Seaisinterpreted to be a pull-apart basin at the
southeastern termination of the RRSZ that opened as a result of
strike-dlip motion. Magnetic stripes in the South China Segt are con-
sistent with aleft-lateral offset along the RRSZ of about 550 km
occurring during seafloor spreading between 32 and ~16 Ma. Thisis
compatible with a minimum displacement of 330 + 60 km estimated
from boudinage restoration within the gneiss massifs® The sense of
motion on the RRSZ reversed at 5 Ma, becoming right-dip with
normal throw in places.

In FY 1994, we collected new 4CAr/3°Ar and stable isotopic
results from the RRSZ in Yunnan and Vietnam, to augment the data
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previoudly collected in this project. These results are used to constrain models of the
thermal and mechanical evolution of the RRSZ. We also analyzed “°Ar/3°Ar data for
K-feldspars from 10 transects perpendicular to the northwest—southeast strike of the
Ailao Shan (Figure 4), the longest massif in the chain. These data help us determine
the thermal histories for each location and yield a pattern of ages consistent with
diachronousinitiation of transtensional faulting (extension) along the RRSZ. The
normal component of this faulting occurs along the eastern boundary of the shear
zone, thelocus of the active Range Front fault.

Numerical modeling of isotopically derived cooling historiesyields adip-dip
rate of ~6 mm/year. A 400-km-long segment of the Ailao Shan reveals a pattern of
agesthat increase smoothly from 17 Main the northwest Ailao Shan to 25 Main
Vietham. Figure 5 shows time versus distance (from the Gulf of Tonkin) for the
200, 300, and 400°C isotherms from samples along the eastern edge of the shear
zone. These isotherms clearly demondtrate that the extension is younger at its north-
west end than at its southeast, which thus alows us to determine the rate of onset of
extension. This relationship indicates that the onset of extension was diachronous,
beginning in the southeast and propagating northwest at arate of ~4.5 cm/yesr.

Thisrate and the spatial and temporal variability of extension are consistent
with predictions, based on Oligocene—Early Miocene magnetic anomalies from the
South China Seg, that the RRSZ experienced strike-dip rates of ~4 cm/year. Thus,
its present position does not represent asmall circle about the Indochina—South
Chinapoles of rotation. As a consequence, a strike-perpendicular component of
compression would have existed in the northern portion of the belt, with an increas-
ing component of strike-perpendicular extension to the southeast across the Ailao
Shan. The general shallowing of foliation from northwest to southeast across the
Ailao Shan is consistent with this prediction.

26 | | |
3.6 £ 1.3 cm/year
24 [— 4.7 £ 0.8 cm/year —
4.5 £+ 0.2 cm/year
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Figure 5. Plot of the age of rapid cooling as evidenced from
K-feldspar-derived thermal histories reaching temperatures
of 400, 300, and 200°C, against distance along strike of the
Ailao Shan—Red River Shear Zone. The correlation indi-
cates an age vs distance relationship of ~4.5 crfyear. It is
argued that thisis due to the propagation of the brittle-
ductile transition from southeast to northwest at a rate cor-
responding to the strike-dip motion on the RRSZ.




Highlights of Fiscal Year 1994

| dand-Arc Petrogenesis and I mplicationsfor Chemical
Recycling

Idand-arc volcanoes are the dramatic result of continuous and dynamic interac-
tion between the downgoing oceanic dab, the overlying mantle wedge, and the
lithospheric mantle and crust of the Earth. This tectonic environment marks the
principal areafor the return of the Earth’s crust to the mantle from which it was
once derived. Thus, idand arcs are key areas of focus for studies aimed at under-
standing the evolution of the Earth’s crust and upper mantle. In terms of chemical
mass balance, the interactions between the subducting component (the oceanic
crust, sediment, and fluid), the overlying mantle, and the lithosphere are far from
understood. For example, there is controversy about determining (1) whether sedi-
ments deposited on the seafloor are carried down with the subducted oceanic crust
and if so, are they melted and recycled into the arc crust via magmatism or trans-
ported into the deep mantle; (2) the chemical nature of the fluids and/or melts result-
ing from dehydration of the subducting dab and understanding their importancein
the chemical mass transfer process; and (3) therole of the lithosphere in altering the
chemigtry of idand-arc magmas.

The isotopic composition of the mantle, subducting oceanic crust, oceanic sedi-
ments, overlying mantle wedge, and arc lithosphere can be distinct and thus offers
the potential of being used as geochemical tracers to more precisaly quantify the
recycling process between the Earth’s mantle and crust. To gain a better understand-
ing of the net chemical fluxesinvolved in recycling in island-arc settings, Annie
Kergting (IGPP-LLNL) has been working on two related aspects of idand-arc gene-
sis. Thefirst project isto evaluate the contribution of the subducting dab and oceanic
sediments to the generation of idand-arc volcanoesin Kamchatka. The second pro-
ject is designed to understand the chemical influence of the lithosphere to the diversi-
ty of idand-arc magmas from atransect of volcanoesin Honshu, Japan (Figure 6).

Trace-element, radiogenic, and stable isotope (Pb, Nd, Sr, O) data were col-
lected on a suite of basalts from the world’'s most active idland-arc volcano,
Klyuchevskoy, Kamchatka, Russia. Pb isotopic ratios (2%6Pb/204Ph, 207Pb/204Pp, and
208Pp/204Ph) and Sr isotopic ratios (7Sr/%6Sr) were also measured, using LLNL's
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thermal ionization mass spectrometry facilities. The Pb, Sr, and Nd isotope data
show that the Klyuchevskoy lava source is similar to Pacific mid-ocean ridge
basalt (MORB) mantle and that sediments are not involved in the generation of
these lavas. In terms of Pb isotopes, the Klyuchevskoy lavas are among the most
unradiogenic island-arc lavas measured to date. To determine if the results from
the Klyuchevskoy study are representative of the Kamchatkan arc, Kersting
expanded her study to include four additional Quaternary volcanoes. The Pb, Sr,
and Nd isotope data of the five Quaternary volcanoes are smilar (Figure 7). In
comparison to other island arcs, Kamchatka represents an end member wherein lit-
tle or no sediment isinvolved in terms of elemental recycling and arc magma gen-
esis. Thiswork clearly demonstrates that no single generalized model can explain
the diversity of processesinisland arcs. It also points out the need for detailed
study of individual island arcs rather than relying solely on smilarities to guide our
understanding of idland arcs.

To address the influence of the lithospheric component on the diversity of island-
arc magmas, Annie Kergting, Richard Arculus (Austraian National University), and
Ikuo Kushiro (University of Tokyo) collected rock samplesfrom 13 primarily
basaltic volcanoes in Honshu, Japan. The northeast—southwest transect of arc volca-
noes crosscut amajor tectonic boundary where two different crustal terrains are jux-
taposed. In northern Honshu, Japan, the Tanakuratectonic line (TTL) crosscuts the
recent transect of volcanoes. The proximity of the Quaternary volcanoes minimizes
any variation in depth to the subducting dab, in distance to the trench axis, or in
composition of the subducting sediments, oceanic crust, and overlying mantle.
Therefore, isotopic and elemental digtinctionsthat are coincident with the TTL must
reflect differences in the contribution from the lithosphere. The volcanoes show
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along-strike geochemical differences coincident with the TTL (Figure 7). The volca
noes south of the TTL (shown in open triangles) have elevated Pb and Sr isotopic
ratios and lower Nd isotopic ratios compared with the volcanoes to the north (solid
triangles). Distinct differences in trace-element ratios such as Ce/Y b have also been
observed between the two volcanic groups. The chemica and isotopic distinctions
observed between the volcanoes north and south of the TTL must reflect crustal con-
tributions. The different geochemical signatures between the volcanoesimmediately
north and south of the TTL result from contamination as the magmeas traverse
through chemicaly distinct crusts.

Mineral-Médlt Partitioning

Observed secular disequilibriaamong the uranium (238U and 23°U) decay series
nuclides have received agreat deal of attention as tracers of mantle melting process-
es. Since the half-lives of the intermediate nuclides are short relative to the time
scale of mantle evolution, we can assume that these nuclides are in secular equilibri-
um when melting begins. These nuclides are unlike many of the other isotopic and
elemental tracersin basalts, which are products of processes that influence the
source both before and after melting begins. Therefore, secular disequilibria among
the uranium decay series nuclides are largely afunction of melting and melt—
migration processes.

Before we can fully use the temporal information contained in uranium decay
series disequilibriaand further constrain the processes responsible for the observed
disequilibria, we must better understand the partitioning of parent and intermediate
nuclides among the various mineral, fluid, and melt phases comprising the mantle,
in terms of both composition and external variables. Therefore, in this project, we
collected experimental data on the partitioning of U, Th, Pb, Sr, Zr, and Ba (an ana-
log for Ra) between clinopyroxene and a haplobasaltic melt and between amphibole
and an andesitic melt at near-natural abundance levels. Participantsin this study
include Craig Lundstrom, Quentin Williams, and James Gill (UC Santa Cruz) and
Henry Shaw, James Brenan, Douglas Phinney, and Rick Ryerson (LLNL).

The partition coefficientsfor Th, U, and Zr between clinopyroxene and melt
show a strong dependence on the Al and Na content of the clinopyroxene (Figure 8).
A good correlation between VAl and Dy, existsfor al recent Th partitioning studies,
providing asimple explanation for the 2-order-of-magnitude variation inDy,
observed in thisand previous studies®2 The tetrahedral Al content of the pyroxeneis
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asgtrong indicator of the relevant partition coefficient for Th and U. Because mantle
clinopyroxenes generally have greater than 5 wt% Al,O,, we suggest that relevant
partition coefficientsfor U and Th are between 0.01 and 0.02. Although variationsin
Al and Nain clinopyroxene affect the absolute vaue of the Th and U partition coeffi-
cients, they have no effect on their ratio, D, /D,,. Our results reinforce the inference
that equilibrium partitioning of U and Th between clinopyroxene and melt cannot
explain the observed 220Th excesses in basalts. Indeed, under the oxygen fugacities
relevant to mid-ocean ridge basalt (MORB) petrogenesis, clinopyroxene haslittle
ability to fractionate U from Th (D+,/D, < 2), implying that chemical disequilibrium
between melt and wallrock during transport is not required to preserve2®Th excess-
es generated in the garnet stability field. If the Ba partition coefficient servesasan
andog for Raand the partition coefficient of U serves as an analog for Par®, then
226Ra and 231Pa excesses can be generated by clinopyroxene-melt partitioning.

Using compositionally dependent partition coefficients, we constructed a melt-
ing model demonstrating that equilibrium porous flow is aviable explanation for the
magnitudes and differences of U-series disequilibria between N-MORBs and
E-MORBs from the East Pacific Rise® Indeed, unlike previous modeling, we can
explain quantitatively the magnitudes of all the U-series excesses using geophysical-
ly reasonable parameters. Moreover, the231Pa—230Th correlation may provide afirst-
order congtraint on the depth at which melting commences beneath different ridges.

We &l so determined amphibole-melt partition coefficients for awide range of
elements and compared them to the range of clinopyroxene-melt data from the liter-
ature (Figure 9). Rb, Ba, Nb, and Ta are dramatically less compatible in pyroxene
than in amphibole, while other elements such as Th, U, Hf, and Zr have smilar
compatibilities. Because of these differences, liquids produced by small degrees of
partial melting of amphibole-bearing mantle sources or by high-level fractionation
of amphibole will have distinctively lower Th-normalized Rb, Ba, Nb, and Ta.con-
centrations than melts from amphibole-free systems. The compatibility of U, Th,
and Pb in amphibole decreases in the order Pb > Th > U. Therefore, partial melting
or fractional crystallization of amphibole-bearing assemblages will generate238U
excesses relative to 229Th similar in magnitude to those produced by clinopyroxene
fractionation. The compatibility of Pb in amphibole relative to U and Th indicates
that melt generation in the presence of residual amphibole will lead to long-term
enrichment in Pb relative to U and Th in the mantle residue. Therefore, this process
cannot produce the depletion of Pb relative to U and Th in the mantle inferred from
Pb isotopic studies of MORB and ocean island basalts.

Figure9.
Comparison of our
mineral-melt parti-
tioning data for
amphibole (amp)
with the range of val-
ues determined for
clinopyroxene (cpx).
Note the affinity of
the alkalis for amphi-
bole relative to
clinopyroxene.
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Mineral—-Fluid Trace-Element Partitioning Relevant to
| dand-Arc Volcanism

Convergent boundaries are one of the principal sites of mass and chemical
recycling on the planet. Driven by lithospheric subduction, the length scales and
processes that characterize chemical recycling at convergent boundaries range
from the generation and upward migration of volatiles derived from the dehydra-
tion of slab components, to mantle anatexis, melt migration, and associated
volcanism-plutonism, and to tectonically driven fluid expulsion within accre-
tionary prisms. These processes share an important characteristic—at some level,
each can be described as an example of reactive transport, in which afluid (melt or
aqueous/carbonate fluid) reacts with the solid matrix through which it migrates, by
porous media or fracture flow. Quantitative understanding of the processes occur-
ring in these regions requires experimental constraints on mineral—fluid partition-
ing, kinetics of mineral—fluid—melt exchange, and textural equilibrium between
minerals-melts and fluids.

The partitioning of trace elements between minerals and fluids at elevated tem-
peratures and pressures is one of the most poorly constrained geochemical vari-
ables in subduction zone processes. Therefore, we are investigating the partitioning
of the high-field-strength elements U, Th, Nb, Ta, and Zr and of other geochemi-
cally important trace elements between aqueous fluids and the minerals that are
found in subducted lithosphere and the overlying mantle wedge. Participantsin
this project include James Brenan, Henry Shaw, Douglas Phinney, and Rick
Ryerson (LLNL). The experiments were conducted in a standard piston cylinder
apparatus, but using alarge-volume ((1100-mL ), strong capsule that allows afew
grains of amineral to be retrieved from experiments characterized by ahigh
fluid-minera ratio. This setup allows a known fluid composition to be imposed on
the mineral, which is subsequently analyzed using anion microprobe at LLNL.
Theresult isamineral—fluid partition coefficient determined at natural, or near-
natural, trace-element abundance levels.

Figure 10 summarizes our results for clinopyroxene (cpx), orthopyroxene (opx),
garnet, olivine, and amphibole. Using these minera—fluid partition coefficients, we
can calculate the compositions of fluids that coexist with Iherzolite- and eclogite-
mineral assemblages (relevant to the mantle wedge and subducted oceanic crust,
respectively). Our resultsindicate that the subarc fluid composition is consistent with
amixture having the chemical and isotopic composition of fluids derived from both
altered mid-ocean ridge basalt (~96 wt%) and sediment (~4 wt%). Calculations also
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indicate that, following dehydration of the subducted lithosphere, the U/Pb ratio in
basaltic crust isincreased, whereas Rb/Sr islikely to be dramatically reduced.
Subduction and prolonged aging of this material produce an isotopic reservoir with
the characteristics of a mantle component sampled by some oceanic idand basalts.

We &l so determined the partitioning of high-field-strength elements between
rutile (TiO,) and agueous fluid. Rutile is an important mineral in island-arc basalt
source regions because the incorporation of high-field-strength el ements (particul ar-
ly Nb and Ta) in rutile has been used to explain the depletion of these elementsin
island-arc basalts. Previous work by our group showed that rutile could not coexist
with an island-arc magma within the zone of partial melting because the TiG, con-
tent of these magmas was too low to allow rutile stability. However, the presence of
rutile in the subducted lithosphere during dehydration remained a possibility. Our
new results, coupled with the compositions of rutiles found in natural eclogites,
allows us to calculate the composition of the fluid derived during dehydration of the
dab (Figure 11). Thisfluid is depleted in the high-field-strength elements relative to
MORB and cannot enrich theidland-arc basalt source region in these components.
Conversely, the elements that are enriched in isdand-arc basalts (the akalis) will not
be retained in the dab. The depletion of high-field-strength elementsin idand-arc
basalts can then be explained by increased degrees of partial melting induced by a
fluid depleted in these elements.
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Microstructure of Volatile-Rich Mdtsin
M antle Sour ce Regions

We know from volcanoes and other evidence that magma formed at depth in
the Earth can migrate to the surface before it solidifies. High concentrations of some
trace elementsin this magma, aong with the water in the magmaitself, also indi-
cate that fluid can migrate long distances through solid rock. Thisfluid atersthe
composition of minerals and magmathat it encounters and promotes the creation of
the melt. Low-degree, volatile-rich melts may be important in mobilizing H,O,
CO,, and highly incompatible trace elements. Thus, they are effective agents of
chemica modification in the lithospheric upper mantle. Knowledge of the grain-
scale distribution of such meltsin mantle rocksis key to defining the processes by
which such small melt fractions may become mobile. Complementing the IGPP
studies of the equilibrium distribution of trace elements, we are studying the
microstructure of two-fluid systems (silicate melt and hydrous fluid) and the segre-
gation of these fluids between lithologies. Participantsin this study include Bill
Minarik and James Brenan (LLNL).

Past laboratory studies of this problem focused on characterizing the textural
properties of meltsin olivine-rich matrices (i.e., wetting angle measurements); how-
ever, the combination of crystal faceting and multiple mineral phases suggests that
inferences of melt connectivity based solely on these data may be ambiguous.
Monitoring the bulk transport of melt-soluble elements provides a more accurate
measure of melt connectivity, particularly at low melt fractions. New data, derived
from iron-transport experiments, alow us to assess the connectivity—and hence the
potential mobility—of carbonate- and water-rich meltsin olivine-rich lithologies.
To determine melt connectivity, we monitored the enhancement of diffusive iron
loss from the constituent ferromagnesium silicates of partially molten vs melt-free
dunite and lherzolite.

Textural observations of run productsindicate that mineral/melt dihedral angles
for both hydrous and carbonate-rich melts are low (<50°), and faceted crystal/melt
contacts are common. Experiments involving hydrous melts are vapor saturated, and
vapor istypicaly isolated from minera contact by the preferential wetting of grains
by melt (Figure 12). Thisimpliesthat at low vapor and melt abundance, the pathways
for iron trangport are controlled by the topology of intergranular melt. We observe

Figure 12. A backscattered €lectron image
of water-rich fluid pockets (dark), silicate
melt quenched to glass (dark gray), and
olivine crystals (light gray). The bright spots
are spind formed when the experiment was
guenched from the run conditions of 1.5
GPa pressure and 1050°C temperature.
Slicate melt wets the grain edges preferen-
tially and forces the fluid into the center of
the pockets. Fluid contacts olivine grains at
flat faces—the low-interfacial -energy sur-
faces on the olivine. Because the fluid pock-
ets are separated from each other by silicate
melt, chemical transport between fluid pock-
ets mugt take place through the silicate melt.
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enhancement in bulk iron diffusion from 10 to 13 times relative to melt and fluid-
free samples over the entire range of melt fractions studied (1 to 8 wt% hydrous melt,
0.01 to 5 wt% carbonate melt). Our finding indicates that interconnected melts are
present in all cases except at the lowest abundances of carbonate melt.

In the experiments involving carbonate melt, we aso performed a series of runs
to assess iron diffusivity as afunction of melt fraction. These experiments indicate
that the functional form of this relation is discontinuous and that at melt fractions less
than 0.05 wt%, the iron diffusivity decreases rapidly. We interpret this effect as
resulting from the partial closure of interconnected porosity (i.e., an increasein tortu-
osity), perhaps arising from the stabilization of dry grain edgesin response to surface
energy anisotropy. The melt fraction marking the onset of partia interconnectivity
may be lower till in a mantle assemblage with atypical grain size of about 1 mm
because with alarger grain size, there are volumetrically fewer grain—grain contacts.
The presence of pyroxenes and other minor phases may, however, offset this effect.
Diffusion through a system containing both fluid and melt islimited by the rate of
diffusion through the melt, consistent with the textural observations (Figure 13).

Our resultsindicate that small-degree, volatile-rich melts may be interconnected
in mantle rocks at melt fractions much less than 0.01 for carbonate-rich and hydrous
compositions. Owing to the extreme efficiency with which highly incompatible
trace elements and C-O-H fluids may dissolve in such materias, these results sup-
ply the physical basis for the process of chemical transfer and metasomatism
inferred by geochemical models and petrologic observation.
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Textural Entrapment of Sulfide Mélts: Implicationsfor the
Formation of the Earth’sCore

The Earth’s core comprises more than half of the planetary radius and consists
mainly of iron and nickel. Other terrestrial planets, moons, and smaller bodies aso
have metallic cores, but the process by which these cores separate from the silicate
mantlesis still amatter of debate. Did the Earth’s core separate by metal-silicate lig-
uid immiscibility in a planet-scale magma ocean formed after alarge accretionary
impact, or did metal-sulfide melt percolate down through a solid assemblage of sili-
cate minerals? Assembly of the Earth by the accretion of differentiated planetesi-
mals pushes the question back one step—how did the cores of these smaller bodies
separate? Constraints on the physical plausibility of the separation process are gen-
eraly lacking and are needed to devel op better models of the composition of the
Earth’s core and mantle, aswell asits early thermal history.

Core separation accomplished by porous flow of Fe-Ni—S-O melt though a
solid matrix has been viewed as unlikely because metal-rich melts, as aresult of
their high melt—solid interfacial energy, do not wet silicate grains at low pressures.
Therefore, they preclude formation of an interconnected melt at low melt fraction.
The melt—solid interfacial energy is minimized by amicrostructure consisting of
melt pocketsisolated at grain corners, which thus lead to a permeability of zero. At
higher pressures, increased solubility of oxygen in the metal-sulfide melt may
reduceitsinterfacia energy against silicate minerals and may allow the metal-
sulfide melt to wet grain edges and interconnect. To address this suggestion, we
performed experiments at pressures up to 9 GPato determine the microstructure of
metallic meltsin an olivine matrix. Participants in this project include Bill Minarik
and Rick Ryerson (LLNL) and Bruce Watson (Rensselagr Polytechnical Institute).

Our results demonstrate that metal-rich sulfide melts do not wet olivine at
pressures less than 9 GPa and hence do not form an interconnected grain-edge
phase (Figures 14, 15). These melts cannot separate from a solid or mostly solid
silicate matrix up to these pressures. This finding implies that the core material
must have separated from Earth’s upper mantle (at depths less than 320 km) via

Figure 14. A backscattered electron photo
of a 9-GPa experiment showing metal-
sulfide pockets at olivine grain corners, now
composed of an intergrowth of metal alloy,
sulfide, and oxide formed on quench. Oxide
has separated on quench asathin rimon
the sulfide pockets and is also present as a
stable phase. Note the generally large
apparent dihedral angles between sulfide
and olivine, sulfide-free grain edges, and
the presence of sulfide included within the
olivinegrains.

Metal-sulfide melt
quenched to alloy,
sulfide, and oxide

x intergrowth
Olivine

Oxide .
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silicate-liquid/metal-sulfide liquid separation at high temperatures in a magma
ocean. If the magma ocean did not encompass the entire volume of the body, it
would have to be of sufficient extent to allow enough metal or metal sulfide to
collect at its base as pods sufficiently massive to sink diapirically through the
solid silicate below. It could not leak downward by percolating aong olivine
grain boundaries.

This conclusion also appliesto core formation in bodiesless than 2000 kmin
diameter (corresponding to center pressures of 9 GPa). The pressure at the center of
the Earth’'s moon is 4.6 GPa, well within the olivine stability field; therefore, separa-
tion of asulfur-poor metal corein the Moon (the Moon's coreis estimated to be
between 0 and 2% of its mass) would require extensive silicate melting.

Nonwetting metal-sulfide melts provide a physical mechanism for models of
core formation that invoke incompl ete separation of metal-sulfide core from silicate
mantle. For example, in the inefficient core formation model, small amounts of
metal sulfide could be |eft behind after core separation and trapped in isolated pock-
etsat grain corners. In the late-stage veneer model, metal that accreted after core
formation and the last large impact melting could also be retained in the mantle. In
both cases, the metd sulfide retained in the mantle would contribute siderophile ele-
ments and produce a mantle out of chemical equilibrium with the core.

Figure 15. Measured angles for sulfide- 0.14 i i i i i
olivine contactsin the 9-GPa experiment )
along with the expected distribution for a 93-deg dihedral angle
single dihedral angle centered at the medi-
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Center for High-Pressure Sciences

The Center for High-Pressure Sciences makes available LLNL's high-pressure
experimental, theoretical, and computational modeling capabilities for collabora-
tions between university researchers and LLNL scientists. The collaborations
include the use of experimental facilitiesat LLNL, joint theoretical research, use of
LLNL supercomputers, and experimental work prepared at university campuses on
specimens and subjected to high pressures at LLNL. University faculty, graduate
students, and postdoctoral researchers participate in the program. IGPP high-
pressure research encompasses geophysics, planetary physics, condensed-matter
physics, chemistry, materials science, and engineering. LLNL researchersin High-
Pressure Sciences are located in the Condensed-Matter Physics Division (H
Division) and in Earth Sciences. The High-Pressure Sciences Center Head is
William Néllis. Peter Fiske is a postdoctoral fellow.

Principal facilities and capabilitiesat LLNL include
* Two-stage, light-gas gunsto measure equations of state; shock-wave profiles;

electrical conductivities; and emission, Raman, and absorption spectra of min-

erals, liquids, and metals shocked to dynamic pressures up to 100 GPa (1 Mbar)
and up to severa thousand kelvins. A gas gun can also be used to synthesize
new materials by applying high dynamic pressures and temperatures followed
by rapid quenching.

» Diamond anvil cellsto measure equations of state up to 100 GPaby x-ray
diffraction, laser heating, and Raman spectroscopy.

*  High-pressure systemsto determine stress-strain behavior, ultrasonic velocities,
permeability, phase equilibria, fracture and flow properties, diffusion kinetics,
and electrical and optical properties of minerals and ceramics up to 25 GPaand
2500°C.

»  Condensed-matter theory, including electron-band theory of bulk and layered
materials, fluid perturbation and mixture theories, Monte Carlo and molecular-
dynamics methods, and dense-plasmatheory.

e Computational simulationsof the response of materials to high pressures.

Research Highlights

These various high-pressure facilities complement each other, many offer
unique research opportunities, and many are in unclassified areas. Computational
smulations and theories of high-pressure phenomena are strong capabilities at
LLNL. Therefore, researchers from UC and other universities, industry, and LLNL
programs interact with the center on issues of scientific importance.

For example, the two-stage gun achieves pressures up to 100 GPa, temperatures
up to severa thousand kelvins, and quench rates up to 1012 bar/s and 10° K/sin
specimens that are recovered for characterization. Quartz has been shocked in this
way, and its microstructure shown to agree with that found in the Cretaceous-
Tertiary boundary, the stratigraphic level at which the dinosaurs became extinct.
Also, facilities at both LLNL and the National Institute of Standards and
Technology (NIST) have been integrated into one project. For example, Hans-
Rudolph Wenk and Kristin Bennett of UC Berkeley and William Durham of LLNL
deformed ice and ice-rich specimens at LLNL's low-temperature static high-
pressure facilities. The crystallographic phases and texturesinduced at LLNL were
then characterized by neutron diffraction spectroscopy using areactor and alow-
temperature specimen holder at NIST. In the following pages, we describe the
highlights of our FY 1994 research.
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Planetary Interiors

Jupiter and Saturn, the two largest planetsin the solar system, have long been of
considerableinterest to astronomers. Jupiter and Saturn are composed primarily of
hydrogen with about 10 at.% helium. The interiors are a high pressures and high
temperatures because of the planets’ large mass and low thermal conductivity.

For example, in Jupiter the boundary between the molecular hydrogen mantle
and the metallic hydrogen core is estimated to be 300 GPa (3 Mbar) and 10,000 K at
0.77 of Jupiter’sradius. Interior planetary conditions calculated from theoretical
models are cons stent with observed mass, radius, rotational rate, gravitational
moments, and surface chemical composition. Density distributions are calculated
from the gravitational moments, which are very sensitive to the equation of state at
very high pressures and temperatures. Because of the high pressures and tempera-
tures in the Jovian planets, we measured representative shock temperatures up to
5200 K at pressures up to 87 GPa. The experimenta datawere used to develop athe-
ory for hydrogen. Because hydrogen isin thermal equilibrium in these shock experi-
ments, the theory was applied to the interior of Jupiter. Participants in this project
include William Nellisand Neil Holmes (LLNL) and Marvin Ross (LLNL emeritus).

Hydrogen at Extreme Conditions

A two-stage, light-gas gun that is 20 m long was used to generate high pres-
sures and temperatures by impacting liquid-hydrogen sample holders with metal
projectiles accelerated up to 7 km/s. Figure 1 shows the temperature measurement.
The measured impactor velocity together with the known compressive properties of
the various materias gives the pressure and density in hydrogen. The impact gener-
ates a shock wave in the baseplate, which is transmitted into the liquid and then
double shocks off the window. Thefirst shock in theliquid is observed as a sharp
rise lasting afew nanoseconds, to a steady optical emission when the shock from
the baseplate breaks into the liquid. The second shock in theliquid is observed asa
second sharp increase in optica intensity when the first shock reflects off the win-
dow. The emitted thermal radiation is coupled to a six-channel photomultiplier
(PMT) array with fiber optics. The temperatures and emissivities of hydrogen are
obtained by fitting the PM T data to a Planck spectrum.

Liquid sample Figure 1. Schematic
of the experiments.
Impactor The impactor is

Window accelerated to veloci-
tiesup to 7 km/sand
generates a strong

Fiber- optlc bundle impact with the base-

shock wave on
plate.

Baseplate
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Figure 2.

| sentropes of
hydrogen (calcu-
lated from 165 K
and 1 bar) plotted
astemperature
versus pressure for
our model; the
Ross, Ree, and
Young (RRY)
result;1 and the
Saumon and
Chabrier (SC)
result.2 Dissocia-
tion fractions cal-
culated with our
model and with the
SC mode! areindi-
cated. A calculat-
ed mdlting curveis
also shown.
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Thefirst shock temperatures at pressures up to 22 GPaagree well with predic-
tions that neglect dissociation. However, the second shock temperatures at highest
pressures (87 GPa), densities, and temperatures are substantialy lower than predicted
for apurely molecular fluid. These lower temperatures are caused by partial and con-
tinuous molecular dissociation into monatomic hydrogen. The measurements were
used to derive a dendity- and temperature-dependent dissociation energy. Our present
theory was used to calculate the isentrope of hydrogen starting from 1 bar and the
surface temperature of Jupiter (165 K). Figure 2 shows the isentrope plotted as tem-
perature versus pressure, together with the previous Ross, Ree, and Young result for
pure molecular H, and the Saumon and Chabrier result,2 which includes some calcu-
lated dissociation. The present model in Figure 2 shows that the continuous dissocia-
tion of molecular hydrogen to the monatomic state keeps the i sentropic temperatures
relatively constant near 4000 K over awide range of pressures (and thus depth in
Jupiter) from 30 to 180 GPa. Also, temperature possibly decreases dightly at highest
pressures. At 180 GPa, the present model predicts that the isentropic temperature of
hydrogen is about 25% lower than previoudy expected, and the lower temperature is
caused by the dissociation of 13% of the hydrogen molecules.

The continuous dissociative phase transition in hydrogen suggests that no sharp
boundary exists between the molecular mantle and the metallic hydrogen core. That
is, asmolecular hydrogen dissociates continuously to the monatomic phase and
eventually metallizes, there may be no sharp discontinuity in the relative composi-
tion of the molecular and metallic phases nor in density.

Because the variation of the equilibrium temperature with pressure, and thus
with depth in Jupiter, issmall, then it is quite possible that hydrogen convectsin the
molecular mantle of Jupiter. The possible existence of a maximum in temperature
(Figure 2) depends on the actual details of this curve and, in Jupiter, on the presence
of He and the ices. Nevertheless, a temperature maximum might actualy exist in

I I I I I I I I
6000 [— —
RRY _ ==~
e )
5000 — _ - _o— SC _|
4%
<
— ——
% 4000 Present 13% |
IS
[«5]
£ 3000 -
[<5)
|_
2000 —
1000 —---mTTTTTTT —
Solid
0 | | | |
100 120 140 160 180

Pressure (GPa)



Highlights of Fiscal Year 1994

Jupiter as afunction of pressure and thus of depth. Asthe dominant heat conduction
mechanism in Jupiter, convection causes the temperature distribution to approach
the isentropic one. Convection also causes magnetic fields by dynamo action.
Magnetic effects are important in the molecular layer of Jupiter, and a portion of the
magnetic field might be generated there. In addition, if a maximum temperature
were to exist in Jupiter, then a quiescent boundary layer might be expected at depths
corresponding to pressures between 30 and 180 GPa

A boundary has been proposed in the molecular layer at 42 GPa, based on anal-
ysisof gravitational field data. At greater depths, the pressure becomes sufficient to
metallize hydrogen. A further increase in depth causes the temperature to increase
monotonically. Hence, there may also be alocal minimum in temperature near the
radius of what is now called the molecular mantle-metallic core boundary. In this
case, convection would be driven toward the temperature minimum from both larg-
er and smaller radii, causing a convectively turbulent region.

When the curvesin Figure 2 are plotted as density versus pressure, their differ-
ences are much less. Thus, our new results have aweak effect on the calculated den-
sity variation with depth and arelatively weak effect on modeling the Jovian density
distribution needed to match flyby data of the gravitational field.

| mpact Processes

The processes and products of meteorite impacts were studied using a combina
tion of laboratory, theoretical, and field-oriented studies. Participants of this project
include William Néllis, Peter Fiske, and Neal Hinsey. Using the 6.5-m-long, two-
stage, light-gas gun to achieve velocities up to 4 km/s, we simulated hypervel ocity
meteorite impacts and study their effects on natural and synthetic materials. We then
compared the experimental products recovered after impact to those found in nature
and to those predicted theoretically.

We are continuing our research on the shock deformation of quartz using novel
sample containment techniques. By containing samples in aluminum instead of
steel, we have been able to better smulate the pressure history and the rapid strain
rate of rock subjected to a meteorite impact. We have recovered quartz held in alu-
minum capsules from pressures as high as 56 GPa (560 kbars). These samples show
high strain-rate effects, including the formation of diaplectic S, glass, pseudo-
tachylite-like veins of molten material, and the reduction of SIG, to nanocrystalline
S inthin layers between grains of diaplectic glass. These thin layers experienced
extremely high temperature, reduced the oxygen, and produced only Si. Because
this happens so rapidly, only very fine-grained nanocrystalline Si is formed.

By comparison, it has not been possible to form amorphous fayalite, FeSIO,,
by shock-compressing single crystals to 75 GPa, more than twice the pressure
required to amorphize the same mineral at static high pressuresin a diamond-anvil
cell. Novel methods were devised to produce virtually a single shock wave in fay-
alite at pressures higher than those reported to induce a phase transition in polycrys
talline Fe,SIO,. The sample was precooled to 100 K to quench any high-pressure
phase that formed, but without success. It remains an unanswered question as to
why high shock pressures readily cause SO, to amorphize but not Fe,SIO,. This
work was done with Raymond Jeanloz and Abby Kavner of UC Berkeley.

Our work also continues on the shock effectsin zircon (ZrSiQ,). Zirconisa
ubiquitous trace mineral in most rocks and is used for radiometric age dating of
meteorite impacts. Zircon is unusua because it undergoes afirst-order crystalline-
to-crystalline phase transition to the schedlite structure both under shock compres-
sion and in adiamond-anvil cell at room temperature. This high-pressure phaseis
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extremely resistant to reverting back to theinitia equilibrium phase and may sur-
vivein impact craters around the world. In FY 1994, we calibrated the pressure
range of the zircon-to-scheelite structural phase transition and measured the kinetics
of thermal reversion of the schedlite phase at 1 bar. Together, these datawill be used
to calibrate a shock geobarometer.

Finally, we have carried out large-scal e hypervel ocity impact experimentsinto
dry quartz sand using the Super-High-Altitude Research Project (SHARP) gas-gun
facility. We collaborated, by providing the target, on a project to devel op a scramjet
engine for hypervelocity jet engine technology. In this experiment, a4.6-kg scram-
jet enginetraveling at 3.0 km/simpacted into quartz sand at an angle of 20 deg.
Thistest allowed us to study oblique hypervel ocity impacts with akinetic energy
3 orders of magnitude higher than that used in previous laboratory studies.
Thermocouples buried in and around the point of impact recorded temperaturesin
the gjectaas high as 150°C. Post-impact excavation of the target area exposed iso-
lated fragments of shock-consolidated sand overlying shock-comminuted sand that
graded into pristine sand. The fine-grained distal gjecta, analyzed by x-ray diffrac-
tion, consisted of quartz with atrace of Al, the principal constituent of the jet
engine. These data provide a means of directly measuring the partitioning of energy
during hypervelocity impact into unconsolidated materials. Future experiments at
the SHARP facility would provide a unique opportunity to conduct large-scale
hypervelocity impact experiments.

Other ongoing projects include a study of the field occurrence and preservation
of tektites and a study of the shock compaction of diamond powders and the forma-
tion of carbonados, which are naturally occurring polycrystalline diamonds.

References
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Astrophysics Research Center

The Astrophysics Research Center servesthe aims of the IGPP-LLNL in the
area of astrophysics. Thisincludes managing the astrophysics part of the UCRP and
facilitating contacts between UC scientists and their LLNL counterparts. The
Astrophysics Research Center aso serves as the focus of astrophysics activities at
LLNL by organizing the weekly astrophysics colloguium, by hosting visitors and
collaborators, by editing an annual Observatory Report that coversall astrophysics
activitiesat LLNL (and is published in theBulletin of the American Astronomical
Society), and providing avariety of other service functions. The staff and postdoc-
toral researchers of the Astrophysics Research Center carry out asignificant pro-
gram of research.

The scientific staff of the center are Charles Alcock (Center Head), Kem Cook,
Claire Max, and Willem van Breugel. Administrative support is provided by
Christina Budwine (Operations Manager), and by secretaries Arlene Manning and
JoAnne McGuire. Alan Edwards manages the network of computersin the center.
He has been assisted by Deanne Proctor, who supported the astronomical image
processing codes AIPS and IRAF, and by Susan Peterson, who has taken responsi-
bility for daily maintenance and for acquisitions.

Much of the research in the Astrophysics Research Center is carried out by the
postdoctoral fellows, who have proved to be an energetic and stimulating group.
Some fellows are supported entirely by |GPP funds, while some are supported par-
tialy by other groupsat LLNL. In FY 1994, the postdoctoral fellows were David
Bennett (previoudy at Princeton University), Leigh Brookshaw (Yae University),
Susana Deustua (University of Michigan), Michagl Gregg (Australian National
University), George Hawkins (UC Los Angeles), Suzanne Hawley (Observatories
of the Carnegie Institute of Washington), Karsten Jedamzik (UC San Diego), Scott
Olivier (UC Santa Cruz), Robert Rogers (Harvard University), and Christopher
Skinner (University of Manchester). Suzanne Hawley came with aHubble
Fellowship. In addition to the |GPP postdoctoral fellows, Maurice Aufderheide and
Ted Ressdll, who are postdoctoral fellows in the Physics Department, sit in the
Astrophysics Research Center, participate in al the activities, and contribute to the
intellectua vitality of the group.

The center hosts alarge number of scientific visitors, not only from the UC
campuses but also from around the United States and the world. These visitors stay
for lengths of time ranging from aday to a year. Some who are &ffiliated with more
local institutions spend large, ongoing portions of their time in the center. A promi-
nent exampleis Robert Becker of UC Davis, who spends two or three days aweek
at the center and contributes significantly to the scientific program.

The center and its offices are housed in Building 319, whichis close to the
offices of many LLNL astrophysicists and is subject to minimal access controls.
These features make the center ideal for the many collaborations that have devel-
oped between UC researchersand LLNL scientists.

The Astrophysics Research Center has access to avariety of machines for com-
puting. Most day-to-day work, which includes code development, image processing,
and symbolic manipulation, is carried out on the center’s network of Sun worksta-
tions. This network comprises three server machines, twelve Sparcstations, and afew
low-end workstations. One of the serversis on loan from UC Davis and is primarily
used by Robert Becker for processing radio astronomy data. This network has
increasingly been used for large-scale processing by the exploitation of codes that
utilize alarge fraction of the network for parallel processing; thisis especialy effec-
tive at night, when most of the network is otherwise quiet, and when the “invasive’
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code will not adversaly impact the image processing work. In addition, much grester
computing power is available in other parts of LLNL: Thereis an eight-processor
Solbourne and a network of fourteen IBM Risc stationsin the Physics Department,
and there are the Cray supercomputersin the LLNL Open Computing Facility and in
the Nationa Energy Research Supercomputer Center.

Research Highlights

The Astrophysics Research Center has developed a research program that
exploits the traditional strengthsin astrophysicsat LLNL, and in addition opens up
new areas not previoudy represented at the Laboratory. This research ranges from
smaller-scale theoretical and observational projects carried out by the staff and post-
doctoral fellowsto large collaborative ventures that involve scientists from outside
IGPP. The following pages give a summary of some of this research.

Laser Guide Stars

Claire Max, Clifford Chocol, and Herbert Friedman, plusfour other LLNL col-
laborators and five collaborators from three UC campuses, are developing laser
guide stars for astronomical adaptive optics. The goal of this project isto improve
the angular resolution achieved at ground-based observatories. If the project is suc-
cessful, the angular resolution at major observatories might be improved by factors
of 10 to 100.

The angular resolution of al ground-based telescopes with apertures larger than
10 to 20 cmiislimited to about a second of arc because of turbulence in the atmo-
sphere. In principle, one can use adaptive optics to correct for the wavefront distor-
tions, which are measured with awavefront sensor, by deforming aflexible
secondary mirror to make the wavefront nearly flat. This correction would allow
ground-based telescopes to be operated at or near their diffraction limits. For exam-
ple, at awavelength of 0.5 um, the diffraction-limited resolution would be 0.04 arc-
sec for a 3-m telescope (such asthat at UC's Lick Observatory) and 0.01 arcsec for
a10-m tel escope (such as the new Keck Telescope). These represent improvements
in resolution of factors of 25 and 100, respectively, relative to the atmospheric reso-
[ution of about 1 arcsec.

To accomplish this correction in the visible range, however, one needs a bright
reference object within afew arcseconds of the object being imaged. The statistics
of bright stars are such that, at most, afew percent of the sky is accessible for
diffraction-limited viewing, using nearby bright stars as the wavefront reference.

To make up for the lack of bright reference stars, this consortium is developing
the ability to produce artificial stars using a powerful laser. Specifically, theideais
to use alaser tuned to the sodium D linesto resonantly excite the atmosphere sodi-
um layer at 90-km altitude, making an artificial star to serve as areference beacon.
A wavefront sensor then detects the tilts of the reference wavefront, and awave-
front computer uses the reference wavefront to cal culate the necessary adaptive-
optics corrections. Finally, the correction is applied to a deformable mirror. The
images recorded using the deformable mirror, together with the telescope’s primary
mirror, will then have most of the atmospheric distortions removed.

During thefirst phase of thislong-term project, the team created artificial stars
using one of the powerful lasersat LLNL. Specifically, the copper-vapor-pumped
dye laser developed for LLNL's Atomic Vapor Laser | sotope Separation (AVLIS)
program was used to create an artificia star by illuminating the atmospheric sodium
layer at 90 km. The guide star is fifth magnitude when the laser power is 1100 W,
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and will be brighter once an optical pulse stretcher is brought into operation. The
guide-star brightness as a function of laser power and central frequency has been
measured, and preliminary wavefront sensor measurements have been performed
using awavefront sensor with 8-cm subapertures on a half-meter telescope.

LLNL'SAVLIS program developed a high-repetition-rate laser that is compact
in footprint and easly transportable to aremote site, where it can be reassembled
and perform reliably and reasonably efficiently. Simultaneoudly, this group has per-
formed preliminary adaptive optics corrections on the 1-m telescope at UC's Lick
Observatory. This adaptive optics system will be combined with the new laser and
then operated as alaser-guide-star adaptive optics system at the 3-m tel escope at
Lick Observatory. The long-term goal isto establish alaser guide star system on the
UC-Ca Tech Keck telescope at Mauna Kea, Hawaii.

The MACHO Project

The MACHO project is an experimental search for the dark matter, which
makes up at least 90% of the mass of our galaxy. It wasinitiated at LLNL and now
involves scientists from five ingtitutions: Charles Alcock, Robyn Allsman, Timothy
Axelrod, David Bennett, Kem Cook, and Hye-Sook Park at LLNL; Stuart Marshall
and Christopher Stubbs of the Center for Particle Astrophysics at UC Santa
Barbara; Kim Griest of the Center for Particle Astrophysics at UC San Diego; Saul
Perlmutter and Will Sutherland of the Center for Particle Astrophysicsat UC
Berkeley; and Kenneth Freeman, Bruce Peterson, Peter Quinn, and Alex Rodgers of
the Mount Stromlo and Siding Spring Observatoriesin Australia.

Dark matter is known to exist and to be distributed in alarge, spherical halo.
However, the congtitution of this matter is unknown because it emits no detectable
radiation. Most hypotheses for the constitution of this matter involve speculations
drawn from particle physics. The experiment will search for planets, brown dwarfs,
and black holes (or any other massive objects, which are now collectively called
MACHGOs, for massive compact halo objects) in the massrange 107 Mg <M <
1 Mg. These objects represent the conservative hypothesis for the constitution of the
dark matter.

If the dark matter is made of MACHOs, they will occasionally magnify the
light from extragal actic stars by the gravitational lens effect. The magnification can
be large (up to factors of many). An event can be recognized by fitting a theoretical
light curve to the observations (three-parameter fit) and by the lack of color varia
tion in the event (it is achromatic). Unambiguous recognition by microlensing thus
requires that there be adequate numbers of data points on the light curve (10) and
measurementsin at least two filter bands. The expected event rate, however, islow.
It is necessary to monitor millions of stars for several years to detect tens of events.
The original design goa was to detect at least 10 “good” events (maxima greater
than 0.25 magnitudes, more than 10 points alight curve, good three-parameter fit,
no color variation) per year of operation, if MACHOs make up the halo. The exper-
iment will operate for a minimum of four years.

The MACHO project is operating with the 130-cm reflecting telescope of the
Mount Stromlo Observatory, near Canberra, Australia. Operating at prime focus
with an innovative optical system givesafield of view 1 deg in diameter, and the
use of adichroic filter allows simultaneous imaging in two spectra bands, doubling
the effective exposure rate. The beams leaving the beam-splitter are imaged onto
mosaics of four 2048- x 2048-pixel charge-coupled devices (CCDs), where 15 m =
0.6-arcsec pixels. Thetypical exposureis 300 s, followed by ~60 sto read out the
CCD chips. The datarate from this experiment islarge, with an average rate of
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4 Ghytes per night. The data are processed at the tel escope using a dedicated com-
puter system and software developed for the project. This system can measure the
brightnesses of several million stars, twice per night, in the Large Magellanic
Cloud. Working in the crowded regions at the central bar in the Large Magellanic
Cloud, it is possible to record more than 500,000 stars in one image. In the even
more crowded regions near the center of the Milky Way;, it is possible to record
more than 600,000 stars in one image.

The system had some spectacular successesin FY 1994, including the first
detection of gravitational microlensing (Figure 1), which was made simultaneously
with a French group, and the later discovery of an unexpectedly high gravitational
microlensing event rate toward the center of the Milky Way. These results are
extremely exciting, but preliminary. The next few years of observation and analysis
will disclose what is really happening in thisfield.

With the system described above, the MACHO group expects to answer defini-
tively whether the dark matter in our galaxy is made up of objectswith massin the
range of 10-" Mg <M <1 Mg.
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Figure 1. A linear contour representation of a decon-
volved image from the Hubble Space Telescope showing
the most distant galaxy, 4C 41.17 at aredshiftz = 3.80
(Ref. 1). The positions of the radio components B, B,,
and B are marked by crosses. Compact optical compo-
nents denoted by H;, H,, Ha, and H, are also indicated.
Note that there is an uncertainty of a few tenths of an arc-
second between the radio and optical components.
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Active Galaxies at High Redshift

Active nuclei—whether their energy sourceis a supermassive black hole
accreting matter (as isthought to be the case for quasars, radio galaxies, and Seyfert
galaxies) or massive stars (as in the case of starburst galaxies)—can have a grest
impact on their galactic surroundings through their prodigious output of luminous
and mechanical energy. Moreover, since the process of galaxy formation is thought
to be accompanied by high rates of star formation, active galaxies (such as starburst
galaxies, which are forming stars at nearly the predicted rates that occurred during
gaaxy formation) might be the most suitable analogs of forming galaxiesin the
local universe. Therefore, by studying starburst galaxies specifically and active
galaxiesin general, one might be able to elucidate the important physical processes
that shaped galaxies during their formation and subsequently drove their evolution.

IGPP-LLNL has asmall but active group studying galaxies exhibiting awide
range of nuclear activity. Two of the most important studies are focusing on investi-
gating the most distant and powerful active galaxiesin the universe—high redshift
guasars and radio galaxies, which are being observed when the universe was only
about 10% of its current age—and studying the energetic outflows of starburst
gaaxies, which may have important implications for our understanding of the main
physical processes that drive galaxy evolution.

In collaboration with astronomers at other institutions, we found that the most
distant quasars and radio galaxies are located in some of the most luminous galaxies
known (about 100 times more luminous than atypical galaxy such as our Milky
Way), and that these galaxies have very complex, often multimodal morphologies.
Our results suggest that these distant galaxies may be at amuch earlier phase of
evolution when galaxies were conglomerating for smaller subgalactic pieces.

I nteractions between the merging pieces are thus bringing gas into the centers of the
galaxies that then energize their active nuclel.

We are also studying energetic galactic-scal e outflows from starburst galaxies
(called superwinds). These outflows result when the kinetic energy of overlapping
supernova explosions within the starburst region is effectively thermalized to form a
hot (~107- to 108-K) cavity of gas. This hot thermal plasma has a pressure much
higher than the ambient pressure within agalaxy and, thus, flows out of the galaxy.
We found that starburst galaxies exhibit evidence for these outflows and that such
outflows can propel alarge fraction of the interstellar medium (the pervasive gas
that lies between the stars within a galaxy) of the starburst galaxy out of the galaxy.
Such winds may be a mechanism whereby galaxies can expel metals and globally
rearrange their interstellar media. Superwinds may, therefore, have had a tremen-
dous effect on determining the structure we see in galaxies today.
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Searching for Asteroids

Kem Cook and Charles Alcock, working with Eugene Shoemaker (U.S.
Geologica Survey) and Ted Bowell (Lowell Observatory), are developing anew
CCD camerato use for a preliminary search for near-Earth asteroids. The camerais
smilar to the cameras developed for the MACHO project, but it has been modified
for usein scan mode. With scan mode, the cameral/tel escope system is moved rapid-
ly along great circles across the sky, and the CCD chips are read out constantly. This
mode is an effective way to cover very large regions of sky with short exposures,
which is needed for this project. The camerawill beinstalled on the 24-in. Schmidt
telescope at Anderson Mesa, Arizona, and is expected to go into operation in
FY 1995. This system is expected to greatly enhance the present discovery rate for
near-Earth asteroids. It will aso serve as a development stage for the much more
ambitious Spaceguard project, which aims to detect more than 90% of all large
(>1-km) near-Earth asteroids.

References
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A Global Survey for the 80-km Discontinuity Using
Three-Component Broadband Data

Principal Investigator: Peter Shearer (UC San Diego)
LLNL Collaborators: George Zandt and William R. Walter
Student: Paul Earle (UC San Diego)

In 1969, Anton Halesinferred the existence of an 80-km discontinuity south of
Lake Superior froman observed change of apparent velocity in two long refraction
lines. Several recent studies using various methods support the presence of an
80-km (Hales) discontinuity in some areas’—3 However, the Hales discontinuity is
not a universally accepted feature and is absent from both the PREM and IASP9 |
velocity models. Reported depths to the Hales discontinuity differ. For example,
Revenaugh and Jordan* observe regional variationsin its depth from 43 to 89 km.
Possible originsfor the Hales discontinuity include strain-induced anisotropy or a
phase change in the spinel to garnet facies. Our research involves a search for the
global characteristics of the Hales discontinuity by focusing on theS-to-P convert-
ed phase SP,P. Previous observations of strong SP,P phases recorded on broad-
band seismic stations in North Americal appear to require a Hales discontinuity.
We plan to expand on thiswork by examining all available broadband global seis-
mic records and modeling any observed SPP phases with synthetic seismograms.

Abstract

Our objectiveisto constrain the global extent and properties (depth and
impedance contrast) of the Hales discontinuity from observations of S-to-P con-
verted phases and place upper bounds on its magnitude in regions that produce no
observable reflections. We hope to examine enough data so that stacking techniques
will prove useful in improving the signal-to-noise ratio of the seismograms, increas-
ing the number of SP,4P observations. By conducting forward modeling using
reflectivity synthetic seismograms, we plan to discriminate between 80-km disconti-
nuity phases and Moho reflections. An improved knowledge of the seismological
properties and global extent of the 80-km discontinuity would provide insight into
itsorigin.

Objectives

A search of more than 15,000 global broadband records, obtained from the
IRIS Data Management Center, has produced observations of possibleSP, P
arrivals (topside reflections from the Hales discontinuity) at 22 stations. Figure 1
shows an example observation. The SP, P phase travels through the mantleasan S
wave and is converted at the surface to aP wave, which undergoes a topside
reflection from the Hales discontinuity (Figure 1a). Under some circumstances, the
amplitude of this phase can be comparable to S (Figure 1c) but with adistinctly
different particle motion.

Progress
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Figure 1. Raypath for (a) SP,P (the SP,P phase resulting from the topside reflection
from the Hales discontinuity), and (b) the S-to-P conversion from the Moho (S,P).
Dashed lines = Swaves; solid lines= P waves; M = the Moho reflection; and
H = the Hales discontinuity. (c) Radial-component broadband seismogram from
ARU (Arti, Russian Federation). Arrival times for S-to-P converted phases are
shown as vertical lines. Arrival times are calculated for a 35-km Moho and a 70-km
Hales discontinuity. The S-wave arrival is aligned at zero time and was picked from
the transverse component record. The large-amplitude SP, P results from a posterit-
ical reflection from the Hales discontinuity. The SP, P arrival (topside reflection
from the Moho) is not observed because it is obscured by theS coda. As a result of
its precritical reflection, it is small in amplitude at this range.

The observations are concentrated in areas of continental shieldsincluding
North America, Australia, and Asia. Some care is needed to distinguish between
SP, P arrivals and phases resulting from topside Moho reflections (&P, P). Thus, we
are anayzing synthetic seismograms to model the effects of a Hal es discontinuity.
Reflectivity synthetics suggest that the observed anomalies occur at longer ranges
than should be expected from SP,, P done, implying the existence of adeeper dis-
continuity. However, further study is needed to increase confidence in this conclu-
son. In FY 1994, we reviewed the data and discussed ways to make the reflectivity
calculations faster, thus allowing amore efficient search of model space.

The application of stacking techniques to improve the signal-to-noise ratio of
the selsmogram has so far been unsuccessful. This problem may be caused by
regional variationsin depths to the discontinuity. Reflections from different depths
arrive at different times, resulting in incoherent stacks. One solution is to stack
records from single stations. Unfortunately, topside reflections from the Hales dis-
continuity occur for asmall range of ray parameters, limiting the number of single
station records. The ongoing expansion of our database should lessen this problem.
In FY 1995, we will experiment with developing a more robust stacking technique
that emphasizes the difference in polarization of theSand the SP P arrivals.

References

36

Zandt, J., and G. E. Randall (1985), Geophys. Res. Lett. 12(9), 565-568.
Zhang, Z., and T. Lay (1993), J. Geophys. Res. 98, 4389-4405.

Benz, H. M., and J. McCarthy (1994), Geophys. Res. Lett. 21(7), 509-512.
Revenaugh, J., and T. H. Jordan (1991), J. Geophys. Res. 80, 19781-19810.

AWDNE



Shear-Wave Velocity Structure beneath Central
California from Surface-Wave Dispersion

Principal Investigator: Jigjun Zhang (UC Santa Cruz)
LLNL Collaborator: William R. Walter

Geosciences

W& used a new method to measure the incident-azimuth anomalies of surface
waves recorded at several broadband stations in California from six large, shallow
earthquakes that have occurred since 1988. This method is based on analyzing
polarization state vectors, which are cal culated analytically from three-component
seismograms. The earthquakes were located within an arc distance of 90 deg from
the stations and lie either on the great-circle path connecting stations MHC and
PASor on another path connecting stations CMB and GSC. The first path (MHC-
PAS) is near the San Andreas Fault System (SAFS), and the second (CMB-GSC)
traversesthe Serra Nevada Batholith and the Basin and Range, parallel and to the
east of SAFS We observed strong incident-azimuth anomalies for Rayleigh waves
with periods between 20 and 150 s. Anomalies were as large as 35 deg for a period
of 30 sand 20 deg for a period of 150 s; however, the largest anomaly for Love
waves with periods between 30 and 150 sisonly 20 deg.

Abstract

Our goal wasto use broadband surface-wave dispersion anaysisto study earth
structure and anisotropy in California, specifically to improve our understanding of
processes associated with the evolution of the Pacific—North American plate bound-
ary. Surface-wave velocities strongly correlate with the age of the oceanic litho-
sphere and asthenosphere with velocities for a young ocean being significantly
reduced. The methods currently used in surface-wave dispersion analysis are appli-
cable to regions with smooth velocity variations, but they are inadequate for regions
encompassing strong lateral heterogeneities. The crust and upper mantle beneath
Cdiforniais highly heterogeneous, since it encompasses the active SAFS. Our
objective isto develop new techniques for analyzing dispersion characteristics of
waves propagating in laterally heterogeneous media. These techniquesinclude a
polarization analysis method and a high-resolution, two-station method of disper-
sion analysis.

Objectives

We analyzed a data set of broadband seismograms from six large, shallow
earthquakes that have occurred since 1988 in the North Pacific Ocean and in South
America. The seismograms were recorded by several broadband stationsin
Cdifornia, including stations MHC (Mount Hamilton), PAS (Pasadena), CMB
(Columbia College), and GSC (Goldston). These earthquakes lie either on the great-
circle path connecting stations MHC and PAS or on the grest-circle path connecting
stations CMB and GSC. The events on the MHC-PAS path include the South of
Alaska earthquake (on September 4, 1989, with amagnitude, M = 6.9), the earth-
quake near the north coast of Chile (August 14, 1988, M, = 6.5), and the Northern
Peru earthquake (April 5, 1991, M, = 6.8). The events on the CMB-GSC path
include two earthquakes in the Komandorsky Islands region (on February 29, 1988,
M, = 6.8 and on November 6, 1990, M, = 7.0) and the one near the east coast of
Kamchatka (on March 2, 1992, M, = 6.8). These earthquakes were located in the
northwest or southeast within an arc distance of 90 deg from the stations. The dif-
ferences between backazimuths for these events at each station islessthan 5 deg.

Progress
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We determined incident-azimuth anomalies of Rayleigh and Love wavesasa
function of instantaneous periods using the method of pure-state polarization analy-
ss, which is based on state vectors of three-component seismograms?! We corrected
for the effects of possible mode contaminations on measured azimuth anomalies
using synthetic seismograms computed for the laterally homogeneous earth model
PREM following the procedure of Gilbert and Dziewonski 2 For both Rayleigh and
Love waves with periods between 20 and 150 s, the errors for the measured azimuth
anomalies corrected for mode contaminations are in general less than 10 deg.

Figure 1a shows the incident-azimuth anomalies of Rayleigh and Love waves
for the 1989 South of Alaska earthquake, which lies on the MHC-PAS great-circle
path and was located in the northwest at arc distances of 29.9 deg from MHC,

30.0 deg from CMB, and 34.1 deg from PAS. Figure laindicatesthat: (1) Rayleigh
wave anomalies show stronger station dependence than Love wave anomalies;

(2) for periods between 60 and 100 s, Rayleigh wave anomalies are smaller than

5 deg for stations CMB and MHC but range between 10 and 20 deg for station PAS;
and (3) for Rayleigh waves with a period of 20 s, the anomaly is about 15 deg at
MHC and 25 deg at PAS. Therefore, we conclude that Rayleigh waves are strongly
affected by low-velocity anomalies associated with the SAFS benegth central
Cdiforniawith raypaths bending eastward as waves travel to the south. Love waves
suffer much less, adding observables to constrain the depth extent of the anomalies.

Figure 1b shows the incident-azimuth anomalies of Rayleigh and Love waves
for the 1992 East of Kamchatka earthquake, which lies on the CMB-GSC great-
circle path and was located in the northwest at arc distances of 24.8 deg from the
1989 South of Alaska earthquake and 54.8 deg from CMB, 58.8 deg from GSC, and
58.9 deg from PAS. Thisfigureindicates that: (1) for periods between 80 and 150 s,
anomalies for both Rayleigh and Love waves are larger than 15 deg for station
CMB but smaller than 10 deg for stations PAS and GSC; and (2) there is strong sta
tion dependence of incident-azimuth anomalies for both Rayleigh and L ove waves
with periods shorter than 80 s. The station dependence of incident-azimuth
anomaliesis aso observed for other earthquakes used in this study, with the depen-
dence becoming stronger for earthquakes in longer distances from stations.
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Figure 1. Incident-azimuth anomalies vs instantaneous periods for Rayleigh (thick
lines) and Love (thin lines) waves recorded at several broadband stationsin
California from (a) the South of Alaska earthquake on September 4, 1989, and

(b) the earthquake east of Kamchatka on March 2, 1992. Azimuth anomalies are
measured fromthe great circle (GC) between source and station using polarization
state vectors of ground displacements.
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Figures 2aand b illustrate the incident directions for Rayleigh waves with a
period of 30 sfor various events used in this study. The azimuth of an arrow relative
to the great circle that is shown for each station indicates the observed azimuth
anomaly. Figure 2aindicates that for the earthquakes in the northwest, Rayleigh
waves arrive at each station with raypaths bending eastward, and that incident-
azimuth anomalies become larger aswavestravel to the south from stations MHC
and CMB to stations PAS and GSC. However, Figure 2b shows that for the earth-
quakes in the southeast, the wave arrival directions are more complex than those
shown in Figure 2a. Improved understanding of the polarization characteristics of
waves that arrive from the southeast direction should await further investigation
using alarger data set.
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Figure. 2. Directions of arrivals for Rayleigh waves with a period of 30 s.

(a) Directions of arrivals for the earthquakes |ocated in the northwest, which
include the 1988 Komandorsky Islands earthquake (distance to PAS A= 54 deg,
short solid arrows), the 1989 South of Alaska earthquake (A= 34 deg, long open
arrows), the 1990 Komandorsky |slands earthquake (A, = 53 deg, short open
arrows), and the 1992 Kamchatka earthquake (Aps = 59 deg, long solid arrows).
The solid linesindicate great-circle paths for the South of Alaska earthquake. The
azimuth of an arrow relative to the solid line for each station indicates observed
incident-azimuth anomaly. (b) Directions of arrivals for the earthquakes located in
the southeast, which include the 1988 Chile earthquake (A5 = 76 deg, short solid
arrows) and the 1991 Peru earthquake (s = 56 deg, short open arrows). The
solid linesindicate great-circle paths for the Peru earthquake.
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| nvestigation of the April 25, 1992, Cape M endocino
Aftershock Sequence

Principal Investigator: Susan Y. Schwartz (UC Santa Cruz)
LLNL Collaborators: George Zandt and Stanley Ruppert

Abstract

Source parameters of after shocks from the magnitude 7.1 Cape Mendocino,
California, earthquake on April 25, 1992, were determined froma grid search
inversion of P, SH, and SV amplitude ratios recorded by a local network of three-
component broadband stations jointly deployed by IRISand IGPP-LLNL. The
1992 Cape Mendocino earthquake occurred at the inter section of the North
American, Gorda, and Pacific plates. Although the mainshock was associated with
underthrusting of the Gorda Plate beneath the North American Plate, fault plane
solutions for 70% of the 38 largest after shocks indicate that these events result from
motion between the Gorda and Pacific plates. At the terminus of the buttressing,
rigid Pacific Plate, the Gorda Plate responds to regional north—south compression
by subducting beneath the Pacific Plate rather than by internal deformation, which
is predominant to the northwest. At greater depth, all aftershocks have right-lateral
strike-dlip mechanisms with one nodal plane parallel to their northwest—southeast
trend. These events define the extension of the Mendocino Fault asit approaches
the Mendocino Triple Junction.

Objectives

Our goal in this study was to determine source parameters of aftershocks from
the 1992 Cape Mendocino, California, earthquake and use this information to help
elucidate faulting geometries in the complex region near the Cape Mendocino
Triple Junction.

Progress

Source parameters of 38 aftershocks from the magnitudeM,, = 7.1 Cape
Mendocino, California, earthquake were determined using agrid search inversion of
P, SH, and SV amplitude ratios recorded by atemporary local network of broadband
stations. The inversion procedure consists of: computing synthetic seismograms for
three fundamental fault orientations for al source receiver pairs over arange of
source depths; calculating the complex envelopes of the seismograms to determine
peak amplitudes of B, SH, and SV waves, combining the fundamental fault ampli-
tudesfor al possible values of strike, dip, and rake, at 10-deg increments; and deter-
mining the best fault orientation and depth as the one that yields the smallest misfit
between observed and synthetic P/SH, P/SV, and SV/SH amplitude ratios. The
ambiguity in the sense of motion on the nodal planes, which arises because ampli-
tude ratios are used, is resolved by examining P-wave polarities. Source parameters
for the largest events (M > 3.4) were also determined by inversion of broadband dis-
placement waveforms using asimilar grid-search technique. Comparable results
were obtained using both broadband waveforms and amplitude ratios.

The majority of aftershocksin the depth range between 0 and 12 km (in the
crust of the North American Plate) show alarge variety of fault-plane solutions;
however, most solutions have north—south, nearly horizontal pressure axes.
North—south, horizontal pressure axes aso dominate the fault-plane solutions deter-
mined for events in the depth range between 15 and 22 km, but thereis more conss-
tency in the orientation of the nodal planesfor eventsin this depth range. Seven of
ten events have one noda plane that dips to the south-southeast with a dip vector
between 160 and 180 deg. If we interpret this plane to be the fault plane, the motion
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on this plane suggests underthrusting of the Gorda Plate beneath the Pacific Plate.
The observed dip direction of 160 to 180 deg is consistent, although more southerly,
than the expected motion between the Gorda and Pecific plates. No evidence of con-
vergent motion is found between the Gorda and Pacific plates along the Mendocino
Fault farther to the west, suggesting that the rigid Pacific Plate prevents southward
displacement of the Gorda Plate and the convergent motion is fully accommodated
by internal deformation within the Gorda Plate. Toward the Mendocino Triple
Junction where the Pecific Plate ends, it is reasonable to assume that the convergent
motion will be accommodated by southward displacement of the Gorda Plate.

The focal mechanismsin the depth range between 23 and 35 km show the most
consistency. These events form atight northwest—southeast linear trend paralld to the
eventsin the 15- to 22-km depth range. They al have one nodd plane paralld to this
alignment, which we interpret as the fault plane. The motion across this planeisright
lateral, consistent with this fault being the nearshore extension of the Mendocino
Fault. This provides further evidence for the southward bend of the southern edge of
the Gorda Plate as the Mendocino Triple Junction is approached. Figure 1 shows a
schematic of the Gorda—Pacific plate geometry deduced from these fault-plane solu-
tions. Near the Gorda Rise where the Gorda Plate is young and buoyant and the
Pacific Plate is old and acts as a buttress, the convergent motion between the Gorda
and Pacific platesis manifested asinternal deformation within the Gorda Plate. As
the Cape Mendocino Triple Junction is approached, the Gorda Plate has cooled a bit,
and the buttressing effect of the Pecific Plate is diminished at its terminus, alowing
the convergent plate motion to be taken up as southeast-directed underthrusting of
the Gorda Plate benegth the Pecific Plate at depths between about 15 and 25 km.
Below this depth, motion between the Gorda and Pecific plates occurs as right-lateral
shear aong the clockwise-rotated Mendocino Fault. The southeast convergence of
the Gorda Plate rel ative to the Pacific Plate produces a tongue of southward-dipping
Gorda Plate beneath North America (southern drag of Gorda Platein Figure 1).

Cascadia Trench

Figure 1. Schematic
inter pretation of
Gorda—Pacific plate
interactions as deter-
mined from focal mech-
anisms of aftershocks
--------------- of the Cape Mendocino
oA earthquake. Subduction
of the Gorda Plate
Extrapolation of beneath the Pacific
Mendocino Fault Zone Plate near the Cape
Mendocino Triple
Junction produces a
tongue of Gorda Plate
that extends south of
the Mendocino Fault.

A

Pacific Plate
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Southern drag of Gorda Plate
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Continuous Global Positioning System Monitoring in
Northern California

Principal Investigator: Barbara A. Romanowicz (UC Berkeley)
LLNL Collaborator: Shawn Larsen
Other Collaborator: Richard Clymer (UC Berkeley)

Abstract

This project has helped establish a network of permanent global positioning
system (GPS) receiversin northern and central California, called BARD—the Bay
Area Regional Deformation network. The receivers and resources are being pooled
between UC Berkeley (four receivers), LLNL (one receiver), and the U.S
Geological Survey (USGS four receivers, previoudy installed). During FY 1994,
three permanent receiverswere installed at Columbia (CMBB), the Farallon
Idands (FARB), and Tiburon (TIBB). The site at Tiburon istemporary. Data acqui-
stion and archiving also were initiated at UC Berkeley. The data are available over
Internet through the Northern California Earthquake Data Center (NCEDC).

Objectives

Our goal in this project isto establish a network of permanent GPS receivers,
caled BARD, in central and northern California, complementing the southern
Cdliforniaeffort, called Permanent GPS Geodetic Array (PGGA), and to make the
data available through the NCEDC.

Progress

42

Figure 1 shows the distribution of current and planned permanent GPS stations
of the BARD network. Stations CMBB, FARB, and TIBB have been installed since
October 1993, with partial support from this grant. Station CMBB is collocated with
abroadband seismographic station of the Berkeley Digital Seismic Network

. o AN | |
Figure 1. Distribution
of the GPS stations on \
the BARD network.
40°N — ~ —
GPS stations
* UC Berkele N
+ LLNL \
[«b] .
=] ® Stanford I évf}';‘
2 38°N |— ¥ BRIB —
£ 38N " uses fgcs Tomsp
= ¥ Trimble EHN Y
4\ \B\
L 'I\'\
AR
36°N T ‘
FARB [\
34°N | | -~ L\A

126°W 124°W 122°W 120°W 118°W
Longitude



Geosciences

(BDSN). Both CMBB and TIBB are linked to UC Berkeley through dial-up phone
lines. Station FARB was made possi ble through cooperation with Jean Takekawa at
the San Francisco Bay Nationa Wildlife Refuge. This station represents a particular
challenge, because access to theisland is limited and thus the radio telemetry alows
us to download data only once every 24 hours at UC Berkeley. As of September
1994, eight stations of the BARD array are operational .

Stations BRIB, CMBB, FARB, and TIBB are equipped with Ashtech Model
“Z" GPSreceivers, which are programmed to collect datain daily files, opening a
new file each midnight UTC. The previous day’s files are downloaded daily via
telephone modem to a networked persona computer on the UC Berkeley campus.
Each downloaded RAM imagefileisthen automatically converted to three working
files. These four files, in Ashtech binary formats, are collectively called the raw
filesand arein turn converted to ASCIl RINEX files (RINEX isthe widely accept-
ed standardized GPS data exchange format).

Using an archiving methodol ogy devel oped for our seismic data, the daily files
are automatically copied to an import directory on the UC Berkeley Data Center
computer, where severa consistency checks are made. All files, raw and RINEX,
arethen installed on the NCEDC optical jukebox, where they are available to the
scientific community at large by anonymous file transfer protocol (ftp).

The shell script controlling this entire automated operation originated at Scripps
Institute of Oceanography (authored by Keith Stark) and was modified by Douglas
Neuhauser for use at the Seismographic Station.

The NCEDC archives continuous GPS data from the BARD network in both
RINEX and the native binary format of the GPS receiver. Recent data are avail-
ablein both RINEX and native binary formats; older data are available in RINEX
format only.

The BARD data are available from the NCEDC system via anonymous ftp and
are therefore accessible to anyone connected to the Internet.

host: quake.geo.berkeley.edu (128.32.146.106)
account:  anonymous

password:  <your-email-address>

directory:  /pub/gps

The BARD continuous data are organized into daily directories. For example,
al RINEX datafor day 120 of 1994 are located in the directory:

/pub/gps/rinex/1994/1994.120

The RINEX filesare archived in UNIX compressed format, but they can be
automatically uncompressed by the NCEDC ftp server upon retrieval. As an exam-
ple of the data quality, Figure 2 shows the data obtained on the line BRIB to CMBB
for the period 1993 day 96 to 1994 day 08.
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Modeling Small-Scale Asthenosphere Convection
under California

Principal Investigator: Jason Phipps Morgan (UC San Diego)
LLNL Collaborators: George Zandt and Charles Carrigan
Student: Mara Yale (UC San Diego)

Geosciences

In FY 1994, we performed a series of two-dimensional numerical experiments
to study small-scale convection in the asthenosphere beneath California. Plate
reconstructionsin this region constrain the timing of the opening of a slab window
that is caused by the northward migration of the Pacific-Juan de Fuca—North
America Triple Junction. Regional seismic tomographic inversions provide a snap-
shot of the current thermal structure of the upper mantle beneath California, show-
ing several seismically fast fingersthat drip off from the lithospheric lid. Using the
timing provided by the history of the opening of the slab window and knowledge of
the current thermal state, we performed numerical experimentsto provide upper
and lower bounds on the asthenosphere viscosity and demonstrate the effects of
rheologies that depend on temperature, pressure, and strain rate.

Abstract

Our objectiveisto improve knowledge of asthenosphere properties under
California by combining numerical modeling experiments with seismic data and
tectonic reconstructions. We want to determine the effects of various physical
parameters on the convective downwellings that have been imaged with seismic
tomography in the asthenosphere under California. Spatial characteristics that are
observed in tomographic imagest include the aspect ratio of individual down-
wellings and the lateral spacing of the downwellings. Constraints on the timing of
the development of these instabilities are provided by the depth of penetration and
the known tectonic history, which fixes the timing of the initiation of the lab win-
dow. An additional constraint on the modelsis that the temperature contrast within
the experimental downwellings must be large enough to be consistent with observed
seismic velocity contrasts between the drips and ambient asthenosphere.

Objectives

For the numerical experiments, we used a two-dimensional finite-element
model. The model box was designed to mimic avertical cross section running the
length of California, 630 km long by 400 km deep. Theinitial temperature condi-
tions define the lithosphere and the asthenosphere. Initidly, temperature variesas a
function of depth, such that within the lithosphere, there isalinear temperature gra-
dient up to 800°C. Below the 800°C isotherm, the entire asthenosphere has an initial
temperature of 1325°C (simulating hot asthenospherefilling in the dab window).
The temperature of the top two rows of nodes within the asthenosphere are per-
turbed randomly with a 1% variation from 1325°C to seed the instability. Four rhe-
ologies were tested to determine the effects of arange of uniform viscosities and the
effect of temperature- and pressure-dependent viscosity on the downwellings.

In the two uniform viscosity tests, the lithosphereis 1000 times more viscous
than the asthenosphere. In the first experiment, the viscosity of the asthenosphere,
Mgy 1S 10 Pa - s, and the viscosity of the lithosphere, 1, is10% Pa - s. Instabilities
that develop in this experiment are significantly more narrow than the inferred down-
wellings observed in the tomographic image. Thetiming is aso too fast with thisrhe-
ology, as the downwellings reach adepth of 200 km in less than 2 million years.

Progress
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In the second experiment (see Figure 1), 1, = 10° Pa - sand p4;,, = 10%

Pa - s. Thistest resultsin downwellings that are much more consistent with those
observed seismically both in terms of shape (aspect ratio) and in terms of timing.
Downwellings reach ~200-km depth in ~8 million years. The temperature con-
trast is several hundred degrees, which is within the range that would be detected
by atomographic inversion.

We tested two different rheol ogies that are temperature- and pressure-
dependent, according to experimentally derived diffusion and did ocation creep
laws.2 Both models result in a period of conduction that is significantly longer than
that for the constant viscosity cases, followed by the development of downwellings
that do not have significant temperature contrast (i.e., ~50°C). The temperature con-
trast within these downwellingsislikely to be too small to be sensed seismicaly.
Theseinitia results suggest that temperature- and pressure-dependent viscosity
mute rather than enhance the instabilities generated by our model.

We are devel oping techniques to animate the temporal evolution of the insta-
bilities under California. Animation provides a means to visualize the time-
dependent development of downwelling blobs. This collaborative effort is
continuing. Future efforts will be focused on exploring awider range of viscosity
structures and on determining the resolution of the tomographic inversions by
performing synthetic tomographic inversions on the temperature fields generated
by the numerical models.

Figure 1. Thermal
dtate of the mantle
7.4 million years
after initiation of
instabilities for a two-
layer congtant viscos-
ity CA%e (H,g, = 10%
Pa-sand p;y, = 10?2
Pa - s). Contours are
50°C isotherms from
900°C to 1300°C.
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Upper-Mantle P-Veocity Structure beneath Central
and Northern California

Principal Investigator: Charles J. Ammon (UC Santa Cruz)
LLNL Collaborators: George Zandt and Stanley Ruppert

The availability of thousands of travel times recorded on the central and north- Abstract
ern California (CALNET) array provides an opportunity to study the uppermost
mantle vel ocity variations beneath this part of California. We are using these data
and tomographic imaging techniques to estimate the lateral variationsin P velocity
in the upper mantle beneath the region. Our preliminary modeling has delineated a
relative low-vel ocity region beneath the northern California Coast Ranges that we
interpret as an expression of the dab window produced by the northward migration
of the Mendocino Triple Junction.

Knowledge of the interaction between the mantle and the crust in Californiaiis Objectives
critical for the development of regiona tectonic models, which may provide impor-
tant information for evaluating seismic hazards in the region. Several studies have
suggested that at depth, the plate boundary has jumped from beneath the San
Andress Fault to beneath the Hayward-Calaveras Fault System in central
Cadlifornial-2 Detailed upper-mantle structure information is the key to identifying
the Pacific—-North American boundary at depth. Our objective isto use alarge set of
travel time measurements for the Pn wave to image lateral variationsin the shallow
upper mantle beneath central and northern California. Improved vertical resolution
of velocity variationsin the upper 30 km of the mantle will provide better con-
straints for convection models of the California upper mantle? particularly the inter-
action between the mantle convection and the crust.

For this project, we selected a simple imaging technique to perform the travel Progress
timeinversions, and we assumed the rays follow great-circle paths. Aswith most
tomographic applications, ours requires care in selecting the best-quality measure-
ments and equity in geographic sampling. In FY 1994, we performed inversions on
geographicaly weighted data. The results arein two parts: relative station correc-
tions that identify regionswith relatively sow or thick crust, and the tomographic
results that show lateral velocity variationsin the shalow upper mantle.

From the relative station corrections, we infer ageneral trend of increasing
crustal thicknessin the northern Coast Ranges. Changes in geology acrossthe San
Andreas Fault south of San Francisco are also apparent in the station residuds. In
Figure 1, we present relative velocity variations in the upper mantle benesth the
study area. Diamonds represent relatively slow regions, and circles show relatively
fast regions. These results are constrained to correlate geographically so we can
estimate the most robust features in the travel-time data. The San Francisco Bay
areaisreatively fast, compared with the region in the northern Coast Ranges. We
believe the large anomalies on the edges of the study area are artifacts, so we do not
interpret them.

The maor anomaly within the study areaisthe low-velocity region associated
with the northern Coast Ranges between 39° and 41°N that agrees with teleseismic
imaging of northern Cdifornia#* These results are consistent with smple models of
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the thermal evolution of northern California associated with the northward migra-
tion of the Mendocino Triple Junction and probably contribute to the high elevation
of the northern Coast Ranges (Figure 1).

Figure 1. Relative
velocity variationsin
the upper mantle
beneath the study
area. Diamonds =
relatively slow
regions, circles=
relatively fast
regions. Resultsare
constrained to corre-
late geographically
S0 the most robust
featuresin the travel-
time data can be esti-
mated. The San
Francisco Bay area
isrelatively fast,
compared with the
region in the north-
ern Coast Ranges.
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Monazite as a Prograde Geochronometer :
Deter mination of Pb Diffuson Ratesin M onazite

Principal Investigators: Daniel L. Farber, Kevin D. McKeegen, and
T. Mark Harrison (UC Los Angeles)
LLNL Collaborator: Frederick J. Ryerson

Geosciences

Monazte has been shown to be a particularly useful geochronometer for
obtaining information along the prograde path of metamor phic pressure—-
temperature-time histories. Below temperatures of ~700°C, the growth history of
the monazte in a metamor phic rock may be preserved by Pb isotopes within con-
centric growth zones. However, the preservation of these valuesiis affected by sub-
sequent monazte growth and diffusive processes. Thus, we are measuring diffusion
coefficients of Pb, Th, and U in monazte to attempt to quantify the chemical relax-
ation of isotopic growth profiles.

Abstract

Among common accessory phases, monaziteis singular in its potential for use
as a prograde thermochronometer. Thus, to obtain the information needed to apply
monazite thermochronology, we are trying to quantify Pb, Th, and U diffusionin
monazite. We also are studying the stability and kinetics of monazite growth reac-
tions in metamorphic assemblages, and we are developing U-Pb microanalysisin
monazite. In FY 1994, we focused on devel oping experimental techniques for mea
suring Pb diffusion in monazite.

The kinetic properties of monazite are somewhat unique among the accessory
minerals commonly used for geochronology. Lead diffusion in restitic zirconsis
generaly too duggish to record (in the form of concentration profiles) details of the
melt history. Apatite isinsufficiently retentive to preclude complete isotopic
homogenization during anatexis. Monazite, however, has intermediate retention
characteristics that endow it with unique potential. Although once perceived to have
relatively low closure temperature for Pb (approximately 500 to 650°C), these esti-
mates were little more than speculation or minimum estimates. However, Copeland
et a.! clearly documented a closure temperature of >730°C for monazite, which has
been confirmed in subsequent studies. Thus, provided peak temperatures do not
exceed about 700°C, the growth history of the monazite in a metamorphic rock is
preserved by Pb isotopes within concentric growth zones.

Indeed, what makes this phase particularly appealing for the study of orogeny is
that monazite, although not uncommon as a detrital phase in quartzites? is essentially
unknown in low-grade pdlitic rocks. Monazite is unstable during diagenesis and does
not reappear until epidote-amphibolite facies. Therefore, unlike zircons, Pb isotopic
zoning in metamorphic monazites preserves only the prograde metamorphic history.

Objectives

Previous attempts to measure Pb diffusion in monazite were hampered by a
lack of gem-quality natural monazites or by the presence of lead inclusionsin syn-
thetic material grown in lead phosphate flux. Thus, we devel oped anew hydrother-
mal technique for growing monazites in the piston cylinder apparatus. Using strong

Progress
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nickel capsules and noble metal liners, we can grow crystals with diameters up to
500 pm for subsequent use in the diffusion anneals (Figure 1). The synthetic crys-
tals grown with this technique are free of the lead inclusions that hampered our ear-
lier work and have provided stable crystal facesin several exchange media. Figure 2
shows atypical 2%8Pb diffusion profile collected from a sample annealed at 1100°C
for 5.8 x 10°s. The excellent agreement of the calculated profile with our data sug-
gests that both the constant surface concentration and a stable crystal were main-
tained during the diffusion anneal. This combination of hydrothermally grown
monazites and subsequent diffusion anneals should yield accurate kinetic parame-
tersfor the inversion of Pb isotopic profilesin natural monazites.

Figure 1. Secondary
electron image of a
monazte crystal
grown in the piston
cylinder apparatus at
5 kbar and 600°C
(scalebar = 100 pm).
The well-devel oped
crystal faces provide
excellent surfaces for
the subsequent diffu-
son anneal. Note that
the grayish quench
material adhering to
the crystal facesis
removed prior to the
diffusion anneal.

Figure 2. Typical Pb
diffusion profilein
monazte produced
from an anneal
between monazite
and PbSliquidinan
evacuated quartz
tube. In the calcu-
lated profile, we
assumed arun dura-
tionof 5.8 x10°s, a
diffusion coefficient —
of 3.3 x 1017 cné/s, | |
and a constant sur- 0 50 100 150 200 250
face concentration. Depth (nm)

Measured profile
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Actinide Element Partitioning at High Pressures
between Coexisting Silicate Meltsand Crystals:
Congtraints on Magmatic Segregation Processes

Principal Investigator: Quentin Williams (UC Santa Cruz)
LLNL Collaborators: Frederick J. Ryerson and Henry Shaw
Students. Charles C. Lundstrom and Daniel L. Farber (UC Santa Cruz)

Abstract

In this project, we are characterizing the manner in which geochemical hetero-
geneity is produced and annihilated within the planet. e have nearly completed
our work on chemical diffusion ratesin the phases presumed to predominate in the
Earth’s mantle between 400- and 670-km depth. These results demonstrated that the
high-pressure polymor phs of Mg,S0,, 3-phase and y-spinel, each have cation dif-
fusion rates that are nearly 3 orders of magnitude faster than those within the
lower-pressure, olivine-structured phase. Such a profound difference in diffusion
rates was not only unexpected but also has profound implications for the rates at
which subducted oceanic crust is rehomogenized into the Earth’s mantle. Over
Earth history, the total volume of subducted, geochemically differentiated material
(dabs) islikely to approach or exceed the present-day volume of the Earth’s silicate
mantle. Yet, from both seismological and geochemical probes, the Earth’'s mantle
appearsto be largely chemically homogeneous. Thus, the principal question this
facet of our work addressesis: Where are the dabs of yesteryear?

Objectives

Our objective in this project isto place experimental constraints on the mecha-
nisms and rates of formation and destruction of the lithosphere.

Progress

52

Our resultst provide a possible solution to the fundamental dilemma of Earth
evolution. The fast diffusion rates we document within the high-pressure polymorphs
of olivineimply that if, as appears likely, subducted material spends a significant
amount of timein the depth range between 400 and 670 km, this materia is homoge-
nized relatively rapidly by amixture of convective stirring and diffusive equilibra-
tion. In short, as phrased by others? dabs can rapidly become ghosts of their former
selvesin thisregion of the planet. Thus, thisregion of the Earth’s mantle can effec-
tively function as an eraser of subducted material, by reincorporating material that
previously was chemically dratified into the mainstream of mantle convection.
These results have implications for the manner in which the Earth has geochemically
differentiated, for the ultimate fate of material in the downgoing portion of the plate
tectonic cycle, and for the chemical stratification of the Earth’'sinterior.

Our second major area of effort has been oriented toward drawing experimental
constraints on the timescale and depth range over which oceanic crust (basalt) is
generated through melting at mid-ocean ridges. Among the primary data that con-
strain this melting process are the varying amounts of elementsin the radioactive
decay series of uranium and thorium, which appear in both recently generated
oceanic crust and where available, in solid residua from the melting process.
Correct interpretation of such data requires a detailed knowledge of the solidiquid
partitioning behavior of the elements of the uranium decay series. We have charac-
terized the partitioning behavior of U, Th, Ba (an anaog for Ra), and Pb between
basaltic liquid and a major mantle phase, clinopyroxene (idedly CaMgS,Oy), over
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arange of different chemical conditions2 Our results document that the partitioning
behavior of these elements crucially depends on the trivalent ion (particularly alu-
minum and chromium) content of the clinopyroxene. This chemical dependence not
only resolves discrepancies between previous datasets, but it also provides a means
for assessing chemical differences observed between basats. Because the aluminum
content of clinopyroxene typically increases with depth, shiftsin the abundance of
different members of the uranium decay series may reflect variationsin the depth of
melting, which ultimately produces the oceanic crust2 Thus, these results have the
prospect of providing an additional means by which one may constrain the location,
composition, and degree of partial melting of a source region from the chemical
composition of an igneous rock. Such constraints are not only the ultimate goal of
igneous petrol ogists and geochemists, but in this case, they aso provide further
insight into the genesis and chemical variability of the most abundant igneous rock
type on the surface of the solid Earth.

1. Farber,D. L., Q. Williams, and F. J. Ryerson (1994), “ Diffusonin Mg,S 0O, References
Polymorphs and Chemical Heterogeneity in the Mantle Transition Zone,”
Nature 371, 693-695.
2. Kellogg, L.H. (1994), “Geochemistry—Fast Cleaning in the Deep,” Nature
371, 656.
3. Lundstrom, C. C,, et . (1994), “ Compositional Controls on the Partitioning of
U, Th, Ba, Pb, S, and Zr between Clinopyroxene and Haplobasaltic
Melts—Implications for Uranium Series Disequilibriain Basalts,” Earth
Planet. Sai. Lett. 128(3-4), 407-423.
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Point-Defect Diffuson in Olivine Rock

Principal Investigator: Steven Constable (UC San Diego)
LLNL Coallaborator: Alfred G. Duba

Abstract

W& have made extensive measurements of eectrical conductivity and ther-
mopower on an olivine-rich rock as a function of temperature between 850 and
1200°C and oxygen fugacity between 10-1° and 1 Pa. The reequilibration of conduc-
tivity after changes in oxygen fucacity was also modeled to recover the diffusivity of
the point defect responsible for the oxygen fugacity dependence of conductivity.

The observed electrical conductivities and thermopower s are incompatible with
small polaron conduction (the accepted mechanismin olivine at this temperature)
and require the addition of a second conducting defect. The diffusivity, although
previously considered to be consistent with magnesium vacancy diffusion, exhibitsa
negative dependence on oxygen fugacity, which has not previously been observed.
The behavior of diffusivity, thermopower, and conductivity all imply that electrical
properties change from one dominant defect to another across the range of oxygen
fugacity in which olivineis stable.

Objectives

An understanding of defect chemistry isimportant in the study of the electrical
conductivity of Earth’s mantle. Currently, it is difficult to measure the electrical
conductivity of mantle materials under simultaneously controlled conditions of
pressure, temperature, oxygen fugacity, water activity, silica activity, and iron activi-
ty. A thorough understanding of the point-defect mechanisms that determine con-
ductivity in olivine rocks will help us extrapolate measurements to conditions
applicable to the mantle. We also have an insufficient understanding of the conduc-
tivity of high-pressure mineral phasesin the mantle. Again, an understanding of the
factorsthat control conductivity in the low-pressure phase may help us predict and
understand the conductivity of the high-pressure minerals.

Because silicates are insulators or, at best, poor semiconductors, their electrical
conductivity depends strongly on the defect population. Also, because electrical mea-
surements are relatively straightforward, we can monitor easily and accurately how
variation of environmental parameters can affect the defect population. Conductivity
can be determined within an error of 0.1 of alog unit, temperature within 3 K, and
oxygen fugacity within 0.1 of alog unit. In each case, the precision of the measure-
ment is at least 10 times better than the stated accuracy. We use the variation of the
conductivity resulting from changes in oxygen fugacity, at constant temperature, to
calculate the diffusion of the defects responsible for conduction in olivine. To sort
among possible mechanisms that could be responsible for conduction in olivine at
any given temperature, we used the defect model of Hirsch and Shankland} our
measurements of diffusion, and our measurement of the sign and oxygen fugacity
dependence of thermoelectric power over the relatively large temperature range.

Progress

The rock used in this study is alherzolite from Mount Porndon, Australia, with
approximate modal composition of 3% clinopyroxene, 31% orthopyroxene, 1%
spinel, and 65% olivine and agrain size of about 1 mm. Electrical conductivity and
thermopower were measured in an apparatus that is described in detail by Duba et
a.2 Oxygen fugacity is controlled by ametered flow of CO and CG, through the
apparatus, and electrical conductivity measured as afunction of oxygen fugacity
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exhibits approximately a 1/11 power dependence. Because of this dependence, step-
function changesin the gas mix cause a reequilibration that can be monitored by
electrica conductivity measurements. Mathematical models of diffusion can befit-
ted to the reequilibration data to recover the diffusivity of the rate-limiting defect.
Thermopower was aso determined, using the method described by Schock et a 2
This measurement determines the sign and abundance of the dominant charge carri-
er astheresult of the migration of the conducting species from the hotter electrode
of asamplein atemperature gradient.

We collected 5800 hours of data at temperatures between 850 and 1200°C, with
67 changes of gas mix and 6 determinations of thermopower. Thermopower at
1200°C isabout 170 pV/m/K and has a positive dependence on oxygen fugacity.
The observed activation energy for diffusivity (2.1 €V) between 850 and 1200°C is
in good agreement with published values for magnesium vacancies and previous
measurements using electrical conductivity:* The magnitude is higher (1.0 x 10-10
m2s? at 1200°C). However, taking asmaller effective grain sizeto alow for crack-
ing within grains would lower this value by as much as an order of magnitude.
Although our data seem compatible with a magnesium vacancy mechanism, diffu-
sivity exhibits a dependence on oxygen fugacity of approximately a—1/5 power.
This dependency is not seen in similar experiments on larger, single-crystal speci-
mens, suggesting that arate-limited reaction with the atmosphere is not the reason.
Rather, we consider that grain boundary diffusion or arate-limited buffer reaction
with the pyroxenein the sampleisresponsible.

We constructed a mathematical model for conductivity and thermopower as a
function of oxygen fugacity and attempted to fit it to our data. A model for small
polarons, which are considered to be the conducting defect in olivine at these tem-
peratures, predicts alarger thermopower than observed with a negative, rather than
positive, oxygen dependence. The model aso predicts an electrical conductivity
with a1/5, rather than 1/11, power dependence on oxygen fugacity. At least one
other conducting defect species must be invoked to explain the observed magnitude
and oxygen dependence of thermopower, and both e ectron/polaron and
polaron/magnesium vacancy conduction can be made to fit the conductivity and
thermopower dataif aconstant polaron or magnesium vacancy term isincluded (or
a1/11 power dependence of defect population taken). However, in our model, the
small magnitude of the thermopower requires unrealistically high concentrations of
polarons. Again, conduction aong grain boundaries may be responsible for the low-
ered thermopowers.

1. Hirsch, L. M., and T. J. Shankland (1993), “ Quantitative Olivine-Defect
Chemical Modd: Insights on Electrical Conduction, Diffusion, and the Role of
Fe Content,” Geophys. J. Int. 114, 21-35.

2. Duba A. G., R. N. Schock, E. Arnold, and T. J. Shankland (1990), “An
Apparatus for Measurement of Electrical Conductivity to 1500°C at Known
Oxygen Fugacity,” in The Brittle-Ductile Transitionsin Rocks A. G. Duba,

W. B. Durham, J. W. Handin, and H. F. Wang, Eds., Geophys. Monogr. Ser. 56
(American Geophysical Union, Washington, DC), pp. 207-210.

3. Schock, R. N., A. Duba, and T. J. Shankland (1989), “Electrical Conduction in
Olivine,” J. Geophys. Res. 94, 5829-5839.

4. Duba A.,and S. C. Constable (1993), “ The Electrical Conductivity of a
Lherzolite,” J. Geophys. Res. 98, 11885-11900.
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M easur ements of Muon-Induced 1°Be and 26Al in
Terrestrial Quartz

Principal Investigator: Kunihiko Nishiizumi (UC Berkeley)
LLNL Collaborators: Robert C. Finkd and Marc W. Caffee

Abstract

We have been investigating the concentration of the muon-induced radionu-
clides 19Be (half-life = 1.5 million years) and 26Al (0.71 million years) in terrestrial
quartz. The goal of thiswork isto determine the production rates of 1°Be and 26Al in
quartz by cosmic-ray muons underground. e collected samples from three deep
mines. Quartz purification for all samples has been completed, and thel°Be and
26A| measurements are under way. Preliminary radionuclide measurements on three
samples have been completed. The preliminary results indicate that measurable
amounts of 1°Be and 2°Al are found in quartz from deeper than 300 m underground.

Objectives

56

The measurement of in situ—produced cosmogenic nuclidesin terrestrial surface
samples has opened a new field of earth sciences. We have devel oped techniques
for studying the rates of geomorphol ogic processes such as erosion, glacier move-
ment, and volcanic eruptions, using the in situ—produced cosmogenic nuclides'Be,
26A|, and 2INein avariety of terrestrial settings! Production rates of these nuclides
arevery low in terrestrial rocks, on the order of tens of atoms per gram of rock per
year. Nevertheless, the development of accelerator mass spectrometry (AMS) for
radionuclides and improvements in mass spectrometry for noble gases have recently
made possi ble the measurement of in situ—produced nuclidesin terrestrial samples.

The concentration of in Stu—produced cosmogenic nuclidesin terrestrial samples
iscontrolled by both the eroson/deposition rate and the exposure time. To apply the
in Situ method to problems of geomorphology, we must know the production rates and,
in particular, the production ratio of the two nuclides. Two of the earliest studies of
in Stu—produced cosmogenic nuclides at the Earth's surface were focused on muon-
induced Al and 129 in terrestria rocks34 With further work, it became clear that, in
general, muon-induced reactions were of minor importance relative to other production
pathways. Severd years ago, we determined the production rate of 1°Be to be
6.0 atom/g SO, year at sealevel (geomagnetic latitude > 50°), the production rate of
%A to be 36.8 atom/g SO, year, and the 6Al/1°Beratio to be 6.1 (Ref. 2). In that
work, 1°Be and 26Al induced by muons were consdered to make only asmall contribu-
tion to the overal production, which isdominated by cosmic-ray secondary neutrons.

Muon production remains aminor athough not negligible factor in cosmogenic
nuclide production near the Earth’s surface. However, as the result of our recent
work (unpublished), we realized that muon-induced reactions can be important in
certain casesinvolving deep buria or high erosion rates. Therefore, to expand the
range and reliability of the applications of surface-exposure dating to geologic prob-
lems, we considered it important to determine the depth dependence of muon-
induced reactions in the Earth’s surface. In thiswork, we focus on measuring the
depth profiles of 19Be and Al in deep mines.

Two types of muon interactions were considered for this study: (1) stopped neg-
ative muon capture and (2) photonuclear effects by fast muons. Aluminum-26 in
quartz is produced by both reactions: 22Si(u-, v,,2n) and #Si(y, np). The 1%Be and
26A| muon-induced reactions will make up an important part of thein situ produc-
tionin terrestrial quartz. However, the production rates and depth profiles of muon-
induced 1°Be and %Al in terrestrial quartz are not as yet well understood.
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Knowledge of the production rates of 1°Be and 26Al by muon interactions not
only provides the basic data needed to calculate the surface-erosion rates but aso
will alow usto determine the history of the cosmic-ray muon flux using geologic
samples. Our study involved a collaborative investigation to measure cosmic-ray
muon—produced radionuclides in terrestrial samples and was conducted at the Space
Sciences Laboratory at UC Berkeley and the Nuclear Chemistry Division and
Center for Accelerator Mass Spectrometry (CAMS) at LLNL. The goal of thiswork
isto determine the production rates of 1°Be and %Al in quartz by cosmic-ray muons
underground. In FY 1994, we began a series of measurements to determine the con-
tent of long half-lived radionuclides1°Be and %Al in quartz extracted from terrestri-
al rocks, usng AMS at the LLNL CAMS.

We collected rock samples from three mines: Homestake gold minein Lead,
South Dakota; Kamioka zinc mine in Japan; and Kamaishi iron mine in Japan. (We
thank Drs. R. Davis Jr., M. Imamura, K. Sakamoto, and W. Sakurai for sample col-
lection.) The former two mines are also being used as neutrino observatories® The
sample depths range from 91 to 2393 m below surface. Clean quartz samples were
isolated from various rock samples by a selective chemical separation procedure.
Since the expected concentrations of both 1°Be and 26Al are extremely low, we sep-
arated large amounts of clean quartz, ranging from afew hundred gramsto 1 kg,
from the 17 rock samples we studied. All quartz separations have been done, and
clean quartz has been obtained from al but one sample. Thel®Be and 2°Al measure-
ments are in progress. The preliminary results to date are shown in Table 1. After
we measure 1°Be and 2°Al in other samples (in progress), we will obtain muon pro-
duction of these nuclides.

Table 1. Preliminary results of 19Be and %Al in quartz from deep mines.

26Al1/Si02
(103 atom/qg)

10Be/Si02
(103 atom/qg)

Depth  Weight Al
Sample (m) @) (Ppm)

Kamaishi-1 300 43.06 50 125+ 10.0
Kamaishi-2 300 61.62 46 12.0+3.7
Kamioka-3 790 131.80 29 42+18
Kamioka-5 555  152.24 87

7.2+£3.9
41+18
49+14
1.7+£16

Progress
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Studies of Soil Dynamicsand L oess Paleoclimate
Recor ds Using Cosmogenic Nuclide19Be

Principal Investigator: DevendralLa (Scripps Institution of Oceanography,
UC San Diego)

LLNL Collaborators: Marc W. Caffee, Robert C. Finkdl, and John R. Southon
Student: Zhaoyan Gu (UC San Diego)

Abstract

The Chinese loess plateau contains a unique sequence of continuous deposition
of aeolian dust back to 2.5 million years before present. This sequence has been
well dated with the magnetostratigraphic method, and it has been stratigraphically
correlated using oxygen isotopes, mineralogy, and other climate indicators. The
dust layers were subsequently altered by in situ weathering, especially during wet
and high-temperature periods, and are thus a proxy for climatic changesin the past
2.5 million years. Previous studies on concentrations of cosmogenic1°Be of bulk
loess/paleosol samples showed a strong correlation in19Be with climate. Realizing
that a more detailed 19Be analysis, combined with data on U, Th, and certain trace
elements, can yield quantitative climatic information as well asinformation on the
in Situ geochemical processes operative in chemical weathering, we are studying
dust layers fromfive sitesin the Chinese |oess plateau. The data obtained have
revealed information on the total 19Be fluxes, relative amounts of wet precipitation,
and the degree of chemical changes of the soilsin the past 2.5 million years. Our
work also points to new directions in which future investigations of the loess
deposits would be useful.

Objectives

The well-dated Chinese |oess deposits offer a valuable resource for studying cli-
matic changes back to 2.5 Ma, the global-scal e atmospheric production and removal
history of 1°Be, the nature of geochemical processes occurring in the wesathering of
soilsin well-characterized soil layers, and the incorporation of 1°Be in the authi-
genic minerals. Since the dust deposition is continuous and not too slow (about 5 to
10 cm/1000 years), a detailed characterization of the chemical and isotopic changes
in the dust layers would be expected to provide (1) the history of climatic changes
back to 2.5 Maand (2) the ground truth about the nature of geochemical changesin
s0il westhering processes. Therefore, we have completed a detailed isotopic and
elementd characterization of the soil layers. Radionuclides studied are the cosmo-
genic 19Be, radiogenic U and Th, and trace elements (e.g., Be, Ti, Rb, Sr, and rare-
earth elements). Our studies do seem to fulfill our hopes and goals.

Progress
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During FY 1993, we worked with Zhaoyan Gu, a student from the I nstitute of
Geology, Chinese Academy of Sciences, Beijing, to complete preliminary studies of
the cosmogenic 1°Be. We examined 19Be in different size and chemical fractions of
loess/paleosol samples and in the red-clay sediments underlying the dust layers
from afew sites. We found that the loess samples generally had appreciably lower
10Be concentrations than the paleosol samples and that their concentrations
decreased monotonically with depth in good accord with the age of the estimates
based on magnetic stratigraphy.? The decay-corrected 19Be concentrations of loess
samples are distributed within a narrow interval (about +25%), suggesting that at
deposition the 1°Be concentrations of dust were well constrained within a narrow
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range and were not modified appreciably after deposition. The

paleosols however show variable°Be concentrations, with higher Polarity

concentrations during periods of higher temperature based ond'80

SPECMAP data. Our observations are consistent with the earlier 0
deductions made by Shen et d ! for the O- to 0.7-Ma period, based

on their 1°Be observations in the L uochuan section.

We believe amultitracer study of the dust deposits would pro-
vide high-resolution climatic data (e.g., winds, temperature, and
precipitation) and ground truth data about in situ soil weathering
processes. Therefore, we have now carried out more detailed stud-
ies of soil sequences from Jixian during the time period 0 to 0.13
Maand from Weinan and Baoji during the period 0 to 2.5 Ma. We
also studied red-clay sediments below the dust deposit layers from
two sites (Lintai and Baoji). A total of 63 loess/paleosol and the
red-clay sediment samples were used for 19Be concentrations.

Several samples were also analyzed for 1°Be concentrations in dif- 0.73
ferent chemical phases and size fractions. The total number of 1Be
analyses was 156.

In the 2.5-Madust deposit sequences at Weinan (Figure 1), the
loess samples have a mean decay-corrected 1°Be concentration of
(2.7 £ 0.5) x 108 atoms/g. A few loess samples have significantly
higher concentrations than the mean value. These samples appear
to have received 19Be from the overlying layers, which exhibit sig-
nificantly higher precipitation fluxes. The observed variationsin
the paleosol samples are significantly correlated with several phys-
ical/chemical indicesthat are indicative of wet precipitation and 1.67
weathering, e.g., Ti/Si ratios, 238U/232Th ratios, dissolved °Be con- 1.87
centrations, and magnetic susceptibility. Figure 2 shows the corre-
lation between 1°Be concentrations and Ti/Si ratios of the samples.

Most of the 19Be is found adsorbed on small particles (<4 um),

70% in loess and 90% in paleosols, on average. The excess concen-

Age (Ma)
o
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N

trations of 1°Be in loess samples over the mean value show ahigh 248
degree of correlation with the grain-size digtribution. A smilar effect

is observed for paleosols, but several samples have very high1°Be
concentrations, indicating a higher-than-average precipitation during

their deposition.
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The red-clay sediment samplesfrom Lintai, which hasagood  Figure 1. Magnetostratigraphy for
magnetostratigraphically dated sequence, show a good anti- Weinan loess and paleosol deposits.

correlation between 1°Be concentration and sedimentation rate.
The 19Be deposition rate was much lower during the red-clay sedimentary phase,
even lower than during the loess deposition, indicating appreciable reduction in the
precipitation rate from 2.5t0 5.5 Ma

Thefallout of 19Be in the Chinese loess plateau is controlled by several climatic
factors, such aswet precipitation rate, aeolian dust fluxes, winds, and of course, the
global average production rate of 1°Be. Furthermore, the incorporation of 1°Bein
the dust layers depends on the grain-size distribution in the soil and on temperature
and rainfall. Thetwo latter factors control carbonate leaching and soil weathering
rate. Incorporating these parameters, guided by theice core date and the SPECMAP
0'80 record, with the assumption of a uniform9Be production rate in the past, we
have derived a plausible history of the time dependence of precipitation rate. In
Figures 3aand 3b, we show a glimpse of thel°Be concentration dependence on dust
flux (F,) and 1°Be production rate, given by the dope of thelinein Figure 3a, 1.45x
106 atoms/(cm? annum).
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Crustal Thickening in Southern Tibet over the Last
27 Ma?. The Gangdese Thrust Revisited

Principal Investigators: T. Mark Harrison and An Yin (UC Los Angeles)
LLNL Collaborator: Frederick J. Ryerson

Abstract

Structural and thermochronological investigations arising fromour FY 1992
field trip to southeastern Tibet reveal ed the presence of a previoudly predicted but
undocumented fault, the Gangdese thrust (GT). This thrust appears to be the earli-
est manifestation of crustal thickening in southern Tibet in response to the Indo-
Asian collision. However, the fault was discovered during our penultimate day in
the field, permitting us only to document a single outcrop. In FY 1994, we retur ned
to the Zedong area to map this structure in detail and acquire sample suites from
vertical traverses, so we can better understand the tectonothermal history of this
thrust system. A 1:100,000 scale geologic map revealsthat the GT is well-exposed
within a window ~100 kmlong that was created when the dominant structural fea-
ture of the suture zone, the Renbu—Zedong thrust (RZT), bends south of the suture. A
melange complex is exposed between the GT and RZT that appears to represent a
continental subduction complex. Thermochronometry from two vertical traverses
(0.60 and 0.92 km vertical separation) in the hanging wall immediately above the
GT confirms that thrust-related cooling began at 27 Ma. Mapping suggests that the
GT isexposed at significantly different structural levels along strike, which is con-
firmed by thermochronometry.

Objectives

The potential significance that discovery of the Gangdese thrust (GT) hasto
Tibetan tectonics requires that it be securely documented1-2 Our primary godsin
returning to the Zedong area were to map this structure in detail and acquire sample
suites from vertical traverses with which to undertake*°Ar/3°Ar thermochronome-
try. Modeling of the “0Ar/3°Ar results yields detailed thermd histories that can pro-
vide significant insightsinto the tectonothermal evolution of the thrust.

Progress
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Seven transects perpendicular to the east—west trend of the suture zone to the east of
Zedong and one transect to the west led to a detailed 1:100,000 scale geologic map of
the area. Samples collected at 100-m vertical intervals from traverses between
3.57-4.17 km and 3.60-4.52 km elevation yield mineral separates of hornblende, biotite,
and K-feldspar. Analyses from the tops and bottoms of both transects have been com-
pleted. The following summary describes our current understanding of the geologic evo-
[ution of southern Tibet asaresult of these investigations.

The suture zone separating Asiafrom the Indian subcontinent is generally
marked by the Renbu—Zedong thrust (RZT), a south-dipping fault that was active
between ~18 and 8 Ma. In southeastern Tibet, the fault juxtaposes Tethyan shelf
rocks directly atop the Andean-type Gangdese batholith. West of Zedong, however,
the RZT bends to the south, creating a 100-km-long window through which the
south-directed GT isexposed. The GT is estimated to have been active between
27to ~23 Mawith atotal displacement of 50 to 80 km.

West of Lhasa, the GT juxtaposes the L ate Cretaceous Xigaze Group over
Tethyan sedimentary rocks. There, alower age bound for the GT of 18.3+ 0.5 Ma
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is given by crosscutting relationships. Within the Zedong window, the GT thrusts
Gangdese granites and metamorphosed country rocks over Tertiary conglomerates.
Directly above the GT isamylonitic shear zone about 200 m thick, consisting of
deformed granites and marbles.

The RZT thrusts Tethyan metasediments atop both the Tertiary conglomerates
and a collisional melange composed of radiolarian cherts, syenite, mafic igneous
rocks, gneisses, and discordant serpentinites. The interplay between erosional
denudation and refrigeration of the hanging wall during thrusting produces two dis-
tinctive thermal regimes within the GT hanging wall: (1) azone immediately above
the thrust surface whose thicknessis a function of the conductive time constant for
the duration of thrusting, and (2) aregion far above the thrust surface in which cool-
ing is dominated by erosional denudation in response to thrust-related crustal thick-
ening. Because thickening is diachronous, mid-crustal rocksin the southern
Gangdese Shan will be uplifted and denuded prior to rocks further north.

Our 4Ar/*Ar analyses of K-feldspars from two vertical traversesin the hang-
ingwall of the GT reveal the onset of arapid cooling event at 27 Ma. Sample
MN-7, which is both structuraly highest and closest to the thrugt, transitsfrom a
temperature of ~320°C at 27.4 Mato ~180°C within 1.5 million years. Then 600 m
below MN-7 and at about the same distance from the thrust, ZH-3 yields atempera-
ture history that isinitially indistinguishable from MN-7 but is offset by at |east
25°C at 26 Ma. At the same elevation, but two-thirds of akilometer farther north,
MN-1yields athermal history that is not significantly different from ZH-3.
Immediately west of the Zedong window at Quxu and Samye, we also see evidence
of rapid cooling in the Gangdese rocks beginning at 27 Ma

We interpret this episode to reflect rapid refrigeration of the granitoids by the
cold Tethyan sediments. The observed pattern of cooling in the Gangdese batholith
is the opposite of what would occur if the RZT had been the dominant structural
control. Within regime 2, we observe ageneral northward decrease in the cooling
ages (from 27 Maat the GT to ~20 Ma 80 km north near Lhasa) that we interpret to
reflect thickening-related denudation caused by propagation of the tip of the foot-
wall ramp.

1. Harrison, T. M., P. Copeland, W. S. F. Kidd, and A. Yin (1992), “Raising
Tibet,” Science 255, 1663-1670.

2. Yin, A., T. M. Harrison, F. J. Ryerson, W. Chen, W. S. F. Kidd, and P. Copeland
(1994), “ Tertiary Structural Evolution of the Gangdese Thrust System,
Southeastern Tibet,” J. Geophys. Res. 99, 18,175-18,201.
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L ate Cenozoic Uplift History of the Tian Shan Region,
Central Asa

Principal Investigators: AnYinand T. Mark Harrison (UC Los Angeles)
LLNL Collaborators: Frederick J. Ryerson, Marc W. Caffee, and Robert C. Finkel
Student: Peter Craig (UC Los Angeles)

Abstract

W& conducted an integrated geologic and geochronological study of the Tian
Shan region both in the field and in the laboratories at LLNL and UC Los Angeles.
This study includes cosmic-ray dating of Quaternary terracesin the southern and
northern flanks of the Tian Shan range, structural mapping to determine the magni-
tude of shortening, magnetostratigraphic studies to determine the initiation of
thrusting, and “°Ar/3°Ar analysis to constrain the amount of erosion in the central
Tian Shan. All of these factors have been considered in a quantitative model that
cal cul ates the magnitude of uplift of the present Earth’s surface with respect to the
sea level. The modd calibrates the effect of isostacy caused by crustal thickening
and erosion-induced denudation. Our preliminary results suggest that the Tian
Shan range has been uplifted no more than 2.5 kmwith respect to the sea level and
that the elevation of the Tian Shan region prior to the Cenozoic shortening is about
1.0 km. Magnetostratigraphic studiesindicate that thrusting in the Tian Shan
region did not start until 21 Ma, about 24 to 29 million years after the beginning of
India—Asia collision.

Objectives

The surface of Earth is continuoudly altered under the influence of westhering,
erosion, plate tectonics, and volcanic processes. Continental denudation, which
depends on complex lithospheric—atmospheric interactions, is the central process of
the global geologic cycling. Rates of denudation depend on avariety of factors, in
particular, rock properties and their chemical composition, climate, and landform
structure and elevation. A primary step in most geomorphologica studiesisto gain
understanding of the location-specific weathering and erosional processes, the rates
of which may vary over different time periods. The goal of this study isto estimate
both the elevation of the Tian Shan prior to Late Cenozoic deformation and the ele-
vation gain with respect to the sealevel since the deformation. This goal was par-
tially achieved by integrating structural and geochronological information with a
guantitative model considering the isostatic effect.

Progress

This study is divided into three phases: (1) field mapping, (2) laboratory analy-
sis, and (3) dataintegration and interpretation. The first phase has been completed,
and the second and third phases are ill in progress.

Field mapping at ascale of 1:50,000 was conducted in the southern Tian Shan
along the Kuche River in FY 1994. Our god was to define the structural setting of
the Quaternary terraces and magnetostratigraphic samples and to determine the
magnitude of shortening in the late Cenozoic. The Quaternary terraces are well
developed aong the southern limb of alarge anticline, which isinduced by the
development of afault-bend fold system. Because the fold has been devel oped dur-
ing the deposition of the terrace gravels, different levels of the terraces provide the
opportunity to date the rate of folding once their ages are determined. Samplesfor
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cosmogenic dating were collected, and mineral separations have been largely com-
pleted. Balanced cross sections through this region indicate that a minimum of 50%
shortening has occurred in the late Cenozoic (Figure 1).

Samples were collected across the central Tian Shan for ©Ar/3°Ar analysis. Our
preliminary results suggest that the maximum amount of erosion in the central Tian
Shan is no more than 10 to 12 km since the beginning of the Late Cenozoic thrust-
ing in the region, because “°Ar/3°Ar ages of K-feldspar, muscovite, and biotite have
not been reset since the late Carboniferous to early Permian (Table 1). These data
provide the upper bound for the late Cenozoic denudation.

Magnetostratigraphic analysis of about 150 samples from the Cenozoic strata
were conducted to determine the initiation age of thrusting in the Tian Shan. Our
interpreted magnetostratigraphy suggests that the sedimentation rate did not dramat-
ically accelerate until 21 Maand reached the maximum at about 14 Ma. In conjunc-
tion with the magnitude of shortening determined from structural mapping, an
average horizontal shortening rate of ~5 mm/year for 21 million yearsis estimated.
This number will be compared with that determined by the cosmic-ray dating of ter-
race gravelsto be conducted in FY 1995. By doing so, we can eva uate rates of
shortening at different time intervals.

To etimate the elevation prior to shortening, we integrated the above data set
and used the following equations:

€= 11[(Pm = PPl @
&= {r;—[(T¢ X S=D)(Pm—P/Prl}H(1+9), )
where:

e, = original elevation prior to shortening.

r, = original length of crustal root.

P, = mantledensity.

p. = crusta density.

e, = present elevation prior to shortening.

r, = presentlength of crustal root.

T, = continental crustal thickness when surface elevation is zero.

S = shortening strain.

D = magnitude of denudation.

Asaresult, we estimate that the elevation prior to shortening is about 1.0 km,
and the elevation gain after shortening is 1.5 km.

Elevation (km)

5km

Figure 1. Geologic cross section along the Kuche River in southern Tian Shan. The
samples of terrace gravels for cosmic-ray dating were collected from units Q1 and
Q. These ageswill determine the strain rate of folding in the later part of the late
Cenozoic deformation.
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Table 1. Results of “0Ar/3°Ar analysis from central Tian
Shan, which constrains the maximum amount of denudation
in the Cenozoic.
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Sample No. Mineral Age (Ma)
N7 K-feldspar 297311
306.4+0.5
308.3+0.6
N13 Muscovite 301.8+1.1
303.0+1.0
313.7+26
N21 Biotite 2545148
260.1+34
N23 K-feldspar 230.8+0.8
2404+14
2459114
N39 K-feldspar 2242+0.8
N39 Biotite 245.1+0.8
305.3+2.7
3181+22
N39 Hornblende 293.2+0.9
317.3+3.3
N70 K-feldspar 264.1+15
267.9+0.8
Biotite 295.5+0.6
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An Asteroid-Meteorite Link: High-Resolution
Exposure Age Chronology

Principal Investigator: Kurt Marti (UC San Diego)

LLNL Collaborators: Marc W. Caffee and Robert C. Finkd
Other Collaborator s Thomas Graf and Kunihiko Nishiizumi
Student: Yoosook Kim (UC San Diego)

W\e discovered a substantial discrepancy in the p.m. ratio (time of fall) for a Abstract
group of H5-chondrites relative to those of other ordinary chondrites. Thisratio
indicates distinct orbits for the immediate parent objects, a conclusion that is also
supported by evidence for gaslosses by solar heating. Snce the H5 group belongs
to the major H-parent collison ~7 million years ago, it is possible that two colli-
sions (within 0.5 million years) occurred. This evidence raises a number of ques-
tions regarding the meteorite-asteroid link. Therefore, we determined 36C1—36Ar
exposure ages on chondritic metal to produce the quality data required to resolve
thisissue.

Current evidence for acomplex structure of the 7-Ma collisional event of the Objectives
H-chondritesis based on a statistical difference in the time of fall parameters and
small shiftsin the distributions of exposure age peaks and retention properties of
radiogenic gases of H4 and H5 chondrites. The three goals for our study of noble
gases and radionuclides on bulk and metal separates of selected chondrites are to:
(1) obtain new high-precision 6Cl—3Ar, cosmic-ray exposure ages for the metal
phase, so that a possible 0.5-million-year shift in exposure ages between H4 p.m.
falsand H5 am. falsat 7 Macan be resolved; (2) use3¢Cl activities with new data
on bulk samples, to identify meteorites with complex exposure histories and to
search for different cosmic-ray flux intensities that are caused by different heliocen-
tric distances of the two groups of chondrites; and (3) test for diffusion losses of
radiogenic “He and *He, in bulk and metal samples, to constrain the possibility of
solar heating in H5-chondrites.

We obtained a set of H4 and H5 chondrites (from Allegan, Limelick, Merua, Progress
Bath, Griineberg, Ochansk) and prepared metal separates by combining magnetic
and chemical separation steps. In addition, monitors and standard meteorite samples
wereincluded for calibrations. Calibrations by standards at both laboratories sug-
gested that an overal precision of ~5% can be achieved.

Exposure ages obtained by the 36CI—-6Ar, method depend only on production
rate ratios and are therefore independent of variations in absolute production rates
that are caused by different average heliocentric distances of meteoroids. In addi-
tion, the production rate ratio P(3Cl)/P(¢Ar) is amost independent of energy.
Therefore, uncertainties of the exposure ages that result from shielding corrections
can be minimized.

Measurements of He, Ne, and Ar aswell as36Cl, 10Be, and %Al in bulk samples
of the same H-chondrites can be used to test for complex cosmic-ray exposure his-
tories and unusual irradiation conditions (e.g., unusually large meteoroids).
Exposure ages for 3He, 21Ne, 38Ar, 10Be/2INe, and 26A1/2INe agree within ~10% in
average-size chondrites with a one-stage exposure history? Also, 3¢Cl produced by
(n,y) reactions provides an additional shielding indicator.
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3He, is produced directly as well as viaradioactive decay of *H. A deficit of
3He can result from aloss of either 3H or 3He. In metal, 3H islost much faster than
3He. Because of the short half-life of 3H (~12 years), an episodic loss of only 3H
will not produce a noticeable deficit of 3He. Two of the studied metals show a sub-
stantial 3He deficit, as documented by low 3He/38Ar (~8) ratios. All of the measured
gpallation 38Ar concentrations except those for Allegan arein the range of 5.8 to
6.7 x 102 cm3 STP g 1. Bulk rock Ne exposure ages range from 6.3to 7.7 Ma.
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Pressure-Induced M orphology and Spatial
Correlations of NigX Precipitatesin Binary Ni-Based
Alloys

Principal Investigator: Alan J. Ardell (UC Los Angeles)
LLNL Collaborator: Frederick J. Ryerson
Postdoctoral Researcher: Abhay Maheshwari (UC Los Angeles)

In this project, we aged binary Ni—Al and Ni—-Ga alloys that contained 6.35 wt.%
Al or 18.35% Ga, respectively, to produce dispersionsof y precipitates (NizX, where
X = Al or Ga). Then we re-aged the precipitates for short times at the original aging
temperatures and at 9.2 GPa (92 kbar) and examined them by transmission electron
microscopy to evaluate possible changes in morphology of the precipitates. The
challenges of specimen preparation for the high-pressure aging experiments and for
examination by transmission electron microscopy after pressurization were success-
fully mastered. Measurement of the ferromagnetic Curie temperatures before and
after aging under pressure indicated that the solute concentrationsin the matrix
remained unchanged. The sizes of the coherent y precipitates also remained essen-
tially unchanged. The applied pressure was very hydrostatic in nature, as evidenced
by the absence of didocationsin the pressurized specimens.

Abstract

There is considerable interest in the evolution of morphology and spatial distri-
butions of y* precipitates in aged Ni-based aloys. The orderedy” phase has the stoi-
chiometry NisAl in Ni-Al aloys and isfound in binary Ni-Si, Ni-Ga, Ni—-Ge, and
Ni—Ti aloysaswell. They precipitates are coherent with the saturated matrix
phase, but the lattice constants of y and the matrix, a, and a,, respectively, differ.
The resulting lattice misfit, d,, produces coherency strains that profoundly influence
precipitate morphology and microstructural evolution; thus, &, = (a, —ay,)/an,

The basis of thisresearch isthat the lattice misfit can be mani pulated by
imposing hydrostatic pressure. The lattice misfit at pressure-P, 3, isrelated to §,
by the equation:

5,=(1+5 3K, —P D
=( o)ééK ~tiagpd T ®

where A, = (K, —K\)/K, isthe hydrostatic pressure, and K|, and K, are the bulk
moduli of they” and matrix phases. An accurate estimate of 5 clearly requires
knowledge of both K., and K- howeve, except for the N|—A'i) solid solution, values
of K., are unknown. Neverthel&ss assuming that A, for Ni-Al aloysis representa-
tive (A« = 0.017), we can anticipate that this parameter will probably belessthan
0.02 for the other aloys. Using A, = 0.017 for NiAl precipitates and A, = 0.02 for
Ni,Ga particles, we found that imposing a hydrostatic pressureP of 10 GPa

(100 kbar) reduces the lattice misfit by about 9.2% in Ni—Al aloys and by about 11%
in Ni-Gaalloys. The principal objective of thisinvestigation was to age Ni—Al and
Ni—Gaalloys aready containingy precipitates under hydrostatic pressure to reduce
their lattice misfits, and to determine whether the magnitude of the imposed pressure
was large enough to influence their morphol ogy.

Objectives
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Progress
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Binary dloys of Ni-Al and Ni—-Ga containing 6.35% Al and 18.35% Ga (by
weight) were solution-treated at 1100°C for 1 h and quenched in refrigerated brine.
The Ni—Al dloy was aged at 640°C for 69.5 h and the Ni-Gaalloy at 700°C for 2 h,
to produce coherent y* precipitates of an average diameter of 21.6 and 19.0 nm,
respectively. Cylindrical specimens approximately 1.5 mm in diameter and 1.5 mm
thick were prepared for subsequent aging under hydrostatic pressure. The Ni-Ga
sampleswere aged at 700°C for 0.5 h at about 9.2 GPa (92 kbar), and the Ni-Al
sampleswere aged at 640°C for 1 h at the same pressure. The samples were rapidly
cooled to room temperature under pressure.

After carefully removing the pressurized samples from their ceramic casings, we
cleaned their surfaces and measured the ferromagnetic Curie temperatures, to deter-
mine whether solute concentration had changed. Within experimental error, we
found no changes. The small dimensions of the samples pose serious difficultiesin
handling and in preparing the thin-foil specimens for examination by transmission
electron microscopy (TEM). For thiswork, we plated the small cylindrical speci-
mens with nickel to build up the overall size. This procedure allowed usto obtain
severd thin dices using athin diamond wafering blade, ultimately producing disks
3 mmin diameter (the conventiond size of aTEM specimen), with the sections of
the alloy embedded in the center of the disk. Then the samples were electropolished
to perforation. However, since the perforated regions were not satisfactorily electron-
trangparent, they were subsequently ion-milled for 0.5 h. lon milling produced some
disordering of they precipitates, degrading their contrast in the dark-field images.

Bright-field TEM images showed arelatively small density of dislocations,
indicating that the applied pressure was highly hydrostatic in nature. They” precipi-
tates were imaged in dark field using { 001} y* superlattice reflections, with the thin
foilstilted into C100Cbrientation. M easurements of the particle sizes and shapes
were made from high-contrast prints using a digitizer tablet. Figure 1 shows dark-
field images of the precipitates in both alloys, both before and after aging under
pressure. The average particle diameter in the Ni—Al alloy increased from 21.6 to
22.5 nm, whereasin the Ni—Ga all oy, the diameter remained about the same
(=9.5nm). Visua observation provides no indication of any change in shape.

Our preliminary results indicate considerable potential for successful experi-
ments to observe the effect of variations ing, on the morphological evolution and
gpatia distribution of coherent mix precipitatesin binary Ni-based alloys. The
applied pressure was indeed impressively hydrostatic, and the aging temperature
and quench rates were controlled quite accurately. All of the major experimental
difficulties that we anticipated were overcome. In hindsight, we believe a better pro-
cess would be to age solution-treated, rather than previoudy aged, specimens under
pressure and compare the shapes with those obtained from the same aloys aged at
atmospheric pressure. This procedure would eliminate morphologica changes
brought about by either dissolution or growth of preexisting precipitates, such as
would occur if the temperature in the high-pressure rig were either dightly lower or
higher than the original aging temperature. Similar experiments conducted at higher
pressures will produce larger changesin &, thereby facilitating datainterpretation.
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(b) Ni-Gaat P=0

Figure 1. Dark-field TEM micrographs taken using 100/ super|attice reflections,
showing the y precipitate dispersionsin both alloys. (a) The Ni—Al alloy aged for
69.5 h at 640°C and pressure P = 0; and (b) the Ni-Ga alloy aged for 2 h at 700°C
and P= 0. (c) The Ni-Al alloy after it was re-aged for 1 h at 640°C andP =

9.2 GPa (92 kbar); and (d) the Ni-Ga alloy after it wasre-aged for 0.5 h at 700°C
and P = 9.2 GPa (92 kbar). e believe the precipitate contrast in the pressurized
specimensis poorer because the radiation damage produced by ion milling reduces
the long-range order in the y phase.

1. Maheshwari, A., and A. J. Ardell (1993), “Morphological Evolution of References
Coherent Misfitting Precipitates in Anisotropic Elastic Media,” Phys. Rev. Lett.
70, 2305.
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Dynamic Compaction of Alumina—Zirconia Ceramics

Principal Investigator: Joanna McKittrick (UC San Diego)
LLNL Collaborator: William J. Nellis
Student: John Freim (UC San Diego)

Abstract

In FY 1994, we used dynamic shock compaction to devel op high-density,
zirconia-toughened alumina ceramic specimens. Sngle-piece, crack-free specimens
with densities measuring up to 80% of theoretical density for single crystals were
achieved using peak shock pressures of 7 to 9 GPa. The high shock-compacted den-
sities helped us achieve final densities measuring ~95% of the theoretical density,
after sintering the compact at 1650°C for 15 min. The physical properties of the
sintered compacts, including hardness, strength, and fracture toughness, were sig-
nificantly better than those of conventionally processed specimens, which possessed
sintered densities less than 80% of theoretical.

Objectives

The ultimate objective of our research is to fabricate hard, strong, fracture-
resistant ceramic specimens. The fine-grain microstructure that accompanies the
rapidly solidified alumina-zirconia (Al,O;—ZrQO,) eutectic makes the materia a
promising precursor for the manufacture of such specimens. The nanocrystalline
morphology of the zirconia crystallitesin this material can be exploited to incorpo-
rate the toughening mechanisms that are inherent in fine-grain zirconia ceramics.
Unfortunately, the fabrication of dense specimens that retain the unique, fine-grain
microstructure of this material has proven difficult. Thus, we are using dynamic
shock compaction of our powder to achieve high-density specimens that can sub-
sequently be sintered to high final densities using a short post-shock anneal.

Progress
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Previous research indicated that composites containing a mixture of tetragonal
zirconia (t-ZrO,) and monoclinic zirconia (m-ZrQ,) are desirable for optimizing the
toughening mechanisms that operate in zirconia-toughened alumina. Our initial
research produced compacts containing 90% m-ZrQ, and 10% t-ZrO,. Our god is
to produce specimens containing 40% m-ZrQ, and 60% t-ZrO,. A twofold
approach was implemented to achieve this goal. First, we continued to optimize the
rapid solidification process conditions that are used to synthesize the powder. We
can synthesize material with zirconia crystallite sizes of 10 to 20 nm, dimensions at
which 100% of the zirconiais stable ast-ZrQ,. Second, we performed experiments
to investigate the effect of yttrium oxide (Y,O,) additions on the retention of t-ZrQ,
(whichisstable only in small crystallites) asthe crystallites coarsen during the post-
compaction sintering cycle. Adding 1.75 mol% Y,0, stabilized 70% of the zirconia
ast-ZrO, after a1650°C sintering cycle.

We shock-compacted the powders in the 6.5-m-long, 20-mm-diam two-stage
gas gun facility at LLNL. The powders were loaded into stainless-steel capsules and
subjected to pressures from 4 to 13 GPa by impacting the capsules with projectiles
traveling at approximately 1 kmv/s. This represents the approximate pressure range
under which dense, crack-free specimens have been produced in previous research
on the system. Nine shots were performed in FY 1994, and eight compacts were
recovered crack free at pressures ranging from 4.3 to 9.1 GPa. The compact that
was shock-compacted at the highest pressure, 12.8 GPa, was macrocracked. The
tensile decompressive stresses that were generated at this pressure were too high to
allow for the recovery of a crack-free compact.
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The dendities of the shock-compacted specimens ranged from 75 to 80% of the
theoretical density of single crystals. This comparesto relative densities of ~50%
achieved by hydraulically cold-pressing the powder at 200 MPa. We believe the
high densities of the shock-compacted specimens are aresult of two mechanisms.
First, the shock waves produce deagglomeration and highly efficient packing and
storing of the particles. Second, the increase in bulk temperatures generated by fric-
tional heating on the particle surfaces lowers the yield stress of the material and
allowsfor plastic deformation to occur.

The high shock-compacted densities trand ated to high sintered densities as
well. A specimen shock-compacted at 7.4 GPawas sintered to a density measuring
95% of the theoretical density for single crystals, compared with arelative density
of ~75% for conventionally processed powder. The high density of the shock-
compacted specimen was accompanied by a high microhardness, 13 GPa, and a
high critical stressintensity factor, 11.4 MPanm¥2, The critical stressintensity factor
was increased threefold over that of pure alumina (3.5 MPan2). These results
indicate that the microstructure of the material facilitates a substantial increasein
toughening, as expected.

The achievement of full-density sintered specimens is the most significant
obstacle remaining before we meet our ultimate goal. In ceramics, maximum
strengths are typically present in fully dense material. We are investigating the
effect of powder size on the shock-compacted and sintered densities. Powder sizeis
important for determining the response to shock waves and the sinterability of a
material. Preliminary results indicate that relatively large particles (20 to 40 pm)
produce the highest shock-compacted densities, while smaller particles (<5 pum)
produce enhanced sintering kinetics. Bimodal powder distributions are being inves:
tigated to achieve higher shock-compacted and sintered densities with the associat-
ed enhancement in material hardness and strength.
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Shock Compaction of Ferromagnetic Particles

Principal Investigator: M. Brian Maple (UC San Diego)
LLNL Collaborator: William J. Nellis
Student: Ricky Chau (UC San Diego)

Abstract

W\& have studied the magnetic properties of shock-compacted fine particles of
SmCos. The samples were shock-compacted at LLNL using the two-stage, light-gas
gunin apressurerange of 1.7 to 27 GPa (17 to 270 kbar). We used scanning elec-
tron microscopy and x-ray diffraction measurements made at UC San Diego to probe
the structure of the shocked disks. Then we studied the magnetic propertiesusing
UID magnetometry. Between 2 and 9 GPa (20 and 90 kbar), the samples were
well consolidated, and the magnetic properties remained constant. Below 2 GPa, the
samples did not completely bond, and the intrinsic coercivity drops. We found that
intrinsic coercivity and remnant magnetic field fall off drastically above 10 GPa.

Objective

The properties of permanent magnetic materials are a subject of great funda:
mental interest. The important properties are a high remnant magnetic field at zero
applied field, alarge magnetic reversal field, and a high magnetic energy density.
These properties are controlled by the saturation magnetization, the magnetocrys-
talline anisotropy, and the microstructure. In particular, the microstructure in the
form of grain boundaries, defects, and precipitates determines the dominant magne-
tization reversal mechanism. Our goal was to resolve several questions on the
mechanism of magnetization reversal. By shock-consolidating fine particles of
SmCao;, we can control the microstructure using dynamic pressures. We hope to
answer fundamental questions concerning magnetization reversal and develop supe-
rior magnetic properties.

Progress
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We investigated the magnetic and structura properties of shock-consolidated
microcrystalline particles of SmCo;. The SmCoy particles were mechanically reduced
from commercia powder. The particles have asize distribution from 1 to 10 um as
determined from scanning electron microscopy (SEM). The size of the particles, how-
ever, islarger than the nanometer size needed for each particle to be asingle domain.
Therefore, we aligned the particlesin agtatic 1-T field and compacted them with a
hydraulic press. All ssmpleswere aligned except one sample shocked at 4.1 GPa
(41 Kbar), which was used for comparison. We |oaded each pressed disk into either
copper or stainless-stedl capsules. Shock compaction was performed at LLNL using
the 7-m, two-stage, light-gas gun at pressures from 1.7 to 27 GPa (17 to 270 kbar).

Shock compaction at pressures less than 2 GPa (20 kbar) failed to completely
consolidate the particles. The edges of these samples disintegrate into |00se pow-
der. Between 2 and 10 GPa (20 and 100 kbar), the shock compaction produced a
well-consolidated disk. We estimated an average density for these samples by mea-
suring the volume and the mass. The densities were nominally 80 to 85% of the
bulk value of 8.3 g/cm?. Samples shocked at pressures above 6 GPa (60 kbar)
show signs of stress developing. Above 10 GPa (100 kbar), significant structural
changes are visible. The samples develop a circular fracture near the rim as aresult
of aradial pressure release. The center of the sample exhibits afault pattern that
resultsin lower particle cohesion. Also, melting occurs at the edges of the sample.
Between 18 and 27 GPa (180 and 270 kbar), the shock rel ease tears the sample
apart, leaving only small pieces.
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We dso examined the microstructure of the shocked disks using x-ray diffraction
(XRD). XRD patterns showed no change in the microcrystaline structure for &l sam-
ples except at 27 GPa (270 kbar). We found no evidence that SmCa, was decompos-
ing into the adjacent Sm,Co, or Sm,Co,, phases. In these samples, we saw no
sgnificant change in the lattice parameters. The 27-GPa (270-kbar) sample showed
evidence for significant phase decomposition into the adjacent phases.

Magnetic measurements were made with a superconducting quantum interference
device magnetometer at UC San Diego. The remnant fieldB, (the residua magnetiza-
tion when the applied fieldH is zero) and the intrinsic coercivity H; (the applied field
needed to reduce B, to zero) were extracted from hysteresis|oop measurements
(Figure 1). The magnetic behavior of the samples versus pressureisdivided into three
regimes. Samples shocked at the lowest pressures (1.7 to 2.0 GPa) do not have an
optimal coercive force but do have ahigh remnant field. The coerciveforceislower at
these pressures becauise many of the particles are loose and can rotate freely with the
applied field. In apressure range of 3 to 10 GPa (30 to 100 kbar), the magnetic prop-
etiesare nearly constant. Theintrinsic coercivity has its maximum in this pressure
range but beginsto fdl off above 6 GPa (60 kbar), as structura faults begin to devel-
op. Theremnant field remains at a constant level up to 9.5 GPa (95 kbar). Above
10 GPa (100 kbar), both the remnant field and the intrinsic coercivity drop off rapidly
with increasing shock pressure. The decrease in magnetic properties correlates with
the structural changes (structural faults and partial melting) in this pressure region.

The pressure dependence of the magnetic properties differs from that of shock-
compacted bulk samples of SmCa;. For bulk SmCo;, the key magnetic properties
exhibit adramatic falloff for even moderate pressures. For our samples, most of the
shock energy is absorbed in bonding the individual grains together rather than induc-
ing shock defects. This effect accounts for the nominaly high values of the magnetic
propertiesin the range of 3 to 10 GPa (30 to 100 kbar) for our samples.

Many key issues remain. We have shown that shock consolidation isauseful
technique in bonding fine particlesinto a bulk without damaging the important mag-
netic properties. The undigned sample used for comparison shows that our aignment
isfar from optimal. Because our particles are not single domains, we still have domain
reversd inindividua grains. Domain reversal prevents optimal aignment and lowers
the magnetic properties. By reducing the size of the particlesto single domainsin
future experiments, we hope to significantly improve the magnetic properties.
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Figure 1. Dependence of (a) the remnant field and (b) the intrinsic coercivity on shock pressure. The
unaligned sampleis used for comparison.
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Semiconductorsunder High Pressure

Principal Investigator: Robert N. Shelton (UC Davis)
LLNL Collaborator: Harry B. Radousky
Student: Stephen H. Irons (UC Davis)

Abstract

GaAs thin films and GaAs/AlGaAs superlattices form the basis for many semi-
conductor devices. By applying pressure, we can vary the bandgap, band offsets,
and gtrain energy in a single sample and thus simulate the effects of strain and
chemical doping, which are usually obtained by growing a large number of expen-
sve samples. Femtosecond spectroscopy, coupled with the application of hydro-
static pressure, can be used to selectively probe the various scattering mechanisms
in GaAs materials.

Objectives

Femtosecond transmission spectroscopy can be used to understand the carrier
dynamicsin low-temperature-grown GaAs materials. By using a Ti-sapphire laser,
operating near 825 nm, we can make measurements at the energy gap of GaAs,
eliminating many of the higher-energy scattering mechanisms that complicated the
usual analyses. A sapphire-anvil pressure cell can be used to apply hydrostatic pres-
sure to low-temperature-grown GaAs films. By applying pressure, we can then vary
the energy gap and study the scattering mechanism. These results can be compared
with standard grown GaAsfilms.

Progress
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A sapphire-anvil pressure cell has been constructed at UC Davis for studying
semiconductors. The sapphire cell is constructed from type 316 stainless steel. The
small overall dimensions of the cell (2.5 cm in diameter and 2.5 cm high) and clear
optical path through the center make it ideal for usein optical studies. The sapphire
spheres were polished with two paralld flats (2 to 3 mm in diameter) perpendicular
to the c axis. The cell is being tested to determine pressure uniformity inside the
sample volume.
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Experimental Investigation of Shock Effectsin Porous
Meteoritic and Terrestrial Materials

Principal Investigator: John T. Wasson (UC Los Angeles)
LLNL Collaborator: William J. Ndllis

We have conducted a series of shock-loading experiments to investigate the role
of variable target characteristics, especially porosity, in impact metamorphism.
Experimental targets included a variety of terrestrial and asteroidal materials, plus
synthetic analogs. For a series of experiments designed to constrain the role of car-
bon in the genesis of the urellite meteorites, petrographic follow-up work is still at
an early stage. A series of experimentsinvolving chondrite simulants yielded little
evidence of the silicate darkening (dispersion of tiny grains of magnetite and pent-
landite) characteritic of the metamorphosed CK chondrites. The terrestrial materi-
alswere studied to constrain the origin of tektites. Results indicate that at a given
shock pressure, systematically higher fractions of melt formif the target isloosely
compacted porous loess, in comparison to compositionally and mineralogically
similar, but less porous, siltstone.

Abstract

All of the terrestrial planets and large asteroids have been profoundly affected
by impact-induced shock metamorphism, especidly early in the solar system’s his-
tory. Meteorites, which are collisionally dispersed fragments of asteroids, typicaly
have been shocked to pressures of about 10 GPaand in many casesto >40 GPal
Our experiments were designed to constrain how shock effects may vary asafunc-
tion of the preshock physical state, especially the porosity, as well as the mineralo-
gy, petrology and chemistry of the materials. The experiments have rather general
application, but three specific issues were addressed: (1) The origin of tektites.
Tektites are homogeneous masses of pure SIO,-rich impact glass, typically several
centimetersin size, devoid of crystallites, and with very low contents of relict min-
erdsand H,O. They are concentrated in only four roughly continent-sized “ strewn-
fields.” (2) The shock and thermal histories of the CK group carbonaceous
chondrites. (3) The potentially explosive role of carbon (graphite) during high-
degree shock metamorphism of carbonaceous meteorites, especialy ureilites.
Ureilites are an abundant but enigmatic (e.g., carbon-rich yet igneoudly differentiat-
ed) type of meteorite, probably formed by partial melting of carbonaceous chon-
dritic precursor materials.

Experimental targets included pieces of the Allende CV 3 carbonaceous chon-
drite, synthetic analogs of chondrites and of ureilites, and for the tektites study, ter-
restrial materials. The synthetic analogs were prepared by mixing powders (Seved
to aredistic grain-size distribution) of magnesian olivine, hypersthene, chromite,
and graphite. Also, in some ureilite smulations, powdered Allende was mixed with
powdered graphite. Most previous shock-loading experimentsinvestigated either
pure minerals, igneous rocks, or lunar regolith. Only afew studies (most recently
Kitamura et a.2) focused on chondritic meteorites, which have peculiar mineralogy
and moderately high porosity. Carbonaceous meteorites had been almost completely
overlooked.

In our experiments, we used atwo-stage, light-gas gun at LLNL to accelerate
projectiles to speeds of 0.8 to 4 km/s and impact them into fixed targets, yielding
shock pressures up to 43 GPa. Projectiles were made from Lexan, copper, or alu-
minum. Targets were 11-mm-diam disks, with thicknesses of 0.4 to 0.8 mm for

Objectives
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powdery materials or 1.0 to 1.4 mm for rocks. The samples were encapsulated in
either aluminum, for agood impedance match to our typical powdery (~30% poros-
ity) targets, or stainless sted, for experimentsinvolving high risk of capsulefailure
(i.e., al experiments involving graphite-rich ureilite smulant powders, plus two
othersinvolving shock pressures » 30 GPa). For six of the ureilite-simulant experi-
ments, we fashioned containers with two narrow (790-um-diam) holes through the
backup plugs, to allow escape of CO/CQ, gases generated by redox reactionsin
response to the shock (cf., Kikuchi et a 3). In one early experiment involving solid
Allende meteorite encapsulated in Al, loading to 43 GPa caused a gross rupture of
the capsule, with complete disintegration of the sample. However, Al capsules
survived in suitable condition for analysis in experiments when shocked as high as
40 GPa. Thin sections of the recovered samples were studied at UC Los Angeles,
using mainly Zeiss Universal (petrographic) and SV 8 (binocular) microscopes, and
aCAMEBAX €ectron microprobe.

Progress
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A total of 20 experiments have been conducted. Petrographic investigation of
the resultant thin sections is not yet complete, particularly for the ureilite-related
work. Petrographic study is virtually complete for the set of experiments that
addressed the origin of tektites. Compositionally, tektites are uniformly close to
shales, so the source craters must bein continental crust. Our experiments used two
different target materials, selected as likely candidates for the precursors of tektites:
aloosely compacted (~35% porosity) Chinese loess, and a Colorado siltstone that is
similar in mineralogy, composition, and grain size, but has far lower porosity.
Results indicate that systematically higher proportions of impact melt form, at any
given shock level, from the porous loess in comparison to the less porous siltstone.
These results tend to support the hypothesis that areas with uncommonly dry and
porous surface materials are far more likely than ordinary continental surfacesto
spawn tektites4 During shock alteration, dry porosity favors production of homoge-
neous, fully vitric masses, because more of the impact energy is partitioned into
shock and post-shock heating. Where the target is porous but water-rich, vaporiza-
tion of the water absorbs much of the available heat and engenders high pore pres-
sures, thus limiting the shock-compression of the target.

Unlike al other carbonaceous chondrite groups, the CK carbonaceous chon-
drites are thermally metamorphosed (petrologic types 4-6) and show extensive sili-
cate darkening caused by the dispersion of tiny grains of magnetite and pentlandite
in silicateinteriors. The curvilinear trails formed by these opague phases within the
slicatesisanalogousto similar trails of metallic Fe-Ni and troilite in ordinary chon-
drite silicates. Rubin suggested that the silicate darkening in CK chondrites was due
to shock melting and mobilization of magnetite and pentlandite® To constrain this
shock-dispersal hypothesis, we subjected mixtures of olivine and chromite (as an
opagque oxide) to shock pressures of 7.9 to 29.4 GPa. Shock experiments using
pieces of Allende were also germane to this problem.

Preliminary petrographic studiesrevea little evidence of silicate darkening.
Apart from brecciation and, in the highest-pressure experiment, formation of a
small proportion of shock melt, the chromite grains seem undisturbed. Although
this result does not support the shock-dispersal hypothesis, it does not necessarily
conflict with it. Conceivably, CK chondrites were shocked to pressures even higher
than 29.4 GPa. The magnetite-pentlandite association in CK chondritesis not pre-
cisely mimicked by the chromite (which has a higher shock impedance) of our
experiments. The most likely alternative, precipitation of magnetite as aresult of
highly oxidizing conditions during genesis of these chondrites, is difficult to recon-
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cilewith the fact that highly oxidized ordinary chondrites (e.g., the LL5 Parambu,
with Fa32 olivine) contain trolite and pentlandite, yet do not feature magnetite or
slicate darkening. Moreover, the pentlandite dispersal is clearly not explicable by
such amode.

1. Stoffler, D., K. Keil, and E. R. D. Scott (1991), “ Shock Metamorphism of References
Ordinary Chondrites,” Geochim. Cosmochim. Acta 55, 3845-3867.

2. Kitamura, M., A. Tscuchiyama, S. Watanabe, Y. Syono, and K. Fukuoka
(1992), “Shock Recovery Experiments on Chondritic Materials,” inHigh
Pressure Research: Application to Earth and Planetary Sciences Y. Syono and
M. H. Manghnani, Eds., pp. 333-340.

3. Kikuchi, M., Y. Syono, N. Kobayashi, T. Oku, E. Aoyagi, K. Hiraga, T. Atou,
A. Tokiwa, and K. Fukuoka (1990), “ Shock-Induced Superconductivity of
T1,Ba,CuQg,” Appl. Phys. Lett. 57, 813-815.

4. Wasson, J. T., and W. A. Heins (1992), “ Tektites and Climate,” J. Geophys.

Res. (Planets) 98, 3043-3052.

5. Rubin, A. E. (1992), “A Shock-Metamorphic Model for Silicate Darkening and
Compositionally Variable Plagioclasein CK and Ordinary Chondrites,”
Geochim. Cosmochim. Acta 56, 1705-1714.
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The Development of Preferred Orientation in | ce
| nvestigated by Neutron Diffraction

Principal Investigator: Hans-Rudolph Wenk (UC Berkeley)
LLNL Collaborator: William B. Durham
Student: Kristin Bennett (UC Berkeley)

Abstract

Our goal in this project was to study the mechanical properties, texture, and
microstructure of high-pressure, low-temperature polycrystallineice asit existson
satellites of the outer planets. High-pressure experiments were performed with a
gas apparatus and a light-gas shock gun at LLNL. Samples were subsequently ana-
lyzed by neutron diffraction at the National Institute of Sandards and Technology
and the Los Alamos Neutron Scattering Center (LANSCE).

Objectives
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The three states of matter—solids, liquids, and gases—all flow within the
Earth, yet only the solid form retains a substantial memory of the strain history over
geologic time scales. The strain history has a direct effect on the flow behavior and
sometimes on phase changes of solid materials. Texture (preferred crystallographic
orientation) is ameans to document the strain history of a solid. For this reason, the
strain evolution of crystalline silicates, main constituents of the Earth, isroutinely
studied by texture analysisin order to understand anisotropy and macroscopic
deformations in the Earth. Other bodiesin the solar system display anisotropic fea-
tures and macroscopic deformations that are comparable to those of the Earth. A
unique collection of icy satellites belonging to the outer planets display mappable
terrains, tectonic activity, and plastic deformation as found on Earth. However, the
satellites consist mainly of water ice or ice—rock mixtures. Therefore, understanding
macroscopic deformations on these icy bodies or their geophysical evolutions
requires knowledge of the strain evolution of crystalline water ice at high pressure
and low temperature.

At conditions of the outer solar system, water ice behaves much like silicates
during plastic deformation. Mechanical datafor ice | and the high-pressureice
polymorphs are extensive. However, quantitative analysis of their texture during
deformation or phase change does not exist, mainly because there has been no con-
venient way to measure texture at such low temperatures (<245 K). Some of the
experimental ice polymorphs require texture measurement at temperatures aslow as
77 K toretain their phase and structure after the tests.

Thiswork documents a new |ow-temperature neutron diffraction technique that
was developed to measure the texture of polycrystalline materials at 77 K. High-
pressure, low-temperature deformation and phase-change experiments were per-
formed on polycrystallineice to create texture. The fabricated textures were then
measured by neutron diffraction, and the measured pole figures were used to calcu-
late orientation distribution functions for the samples. Finally, microstructuresin the
samples were investigated using low-temperature scanning el ectron microscopy,
optical microscopy, and replication techniques.
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In FY 1994, we studied the mechanics, texture, and microstructure of icel, icel Pr ogr ess
with dispersed particulates, ice | withicell, icell, and the phase of shocked-loaded
ice. All of our samples were deuterium oxide (D,0O) ice because the incoherent scat-
tering of hydrogen during neutron diffraction istoo high for texture analysis. We pre-
sent here the results of the texture measurements because they are the first
application of the new low-temperature diffraction technique.

We used a high-pressure gas apparatus to transform and deform polycrystaline
ice specimensin axial compression experiments. Then the texture that devel oped
from the transformations and deformation was determined quantitatively by neutron
diffraction at 77 K, using afour-circle goniometer adapted with a cryogenic core.
Microstructures were investigated by optical microscopy, or alow-temperature scan-
ning electron microscope (LTSEM), and with replication techniques.

In the firgt study, the effect of hard dispersed particulates on the flow of anice
matrix at high pressures and low temperatures was investigated using polycrystaline
aggregates of D,O ice mixed with 0 to 40 vol% Al,O; particul ates of two sizes:
~1.0 mm and 12 mm. Test specimens were axialy compressed using atriaxia defor-
mation apparatus at strain rates of 10* and 10-°s at confining pressures of 50 MPa
and temperatures of 180 to 256 K, to achieve approximately 25 to 35% shortening.
Adding rigid particul ates to the ice matrix incressed the yield strength of the aggre-
gate for both the coarse- or fine-grained inclusions. Textures showed strong preferred
orientations with axes parallel to the direction of compression. Texture maxima
decreased with increasing volume of rigid inclusions. Mg or-to-minor axis ratios of
ice grainsin the deformed specimens decreased with increasing alumina content
when coarse-grained particul ates were added to the matrix. When fine-grained par-
ticulates were added to the specimen, ice grains were nearly equant after the defor-
mation experiments and showed evidence of recovery.

In the second study, the devel opment of preferred crystallographic orientation in
theicel — Il transformation and in the plastic flow of ice Il wasinvestigated in
polycrystalline D,O ice specimens. For two D,O ice test specimens, approximately
50% of theicel toicell transformation took place using nonhydrostatic pressure.
Measurements of these specimens revealed a depletion of (0112) poles and a con-
centration of (1120) poles parallel to compression. Three test specimens were trans-
formed 100% to ice Il using ether hydrostatic or nonhydrostatic pressure. Then they
were axially compressed at congtant strain rates to various strains. In these specimens,
pole figures showed strong preferred orientations of ice 11 (1120) and (1010)
poles paralld to the compression. In an unusua experiment, one sample of pureice
Il shortened 48% at 195 K developed a strong preferred orientation that resembled a
hexagonal single-crystal texture with (0001) poles aligned in the compression direc-
tion. Models based on the viscoplagtic self-consistent polycrystal plasticity theory
were used to predict the preferred orientations observed in the experiments. The best
agreement with the experimental data was obtained when using (1010)[0001] asthe
predominant dlip system.

A third study used the new low-temperature neutron diffraction setup to identify
phase and structure of polycrystalline D,O ice | under shock load. Five synthetic,
D,0 ice specimens with uniform grain size were shock-loaded at temperatures near
100 K using the two-stage, light-gas gun fitted with a cryogenic tank and achieving
peaksof 0.6, 1.2, 1.5, 2.4, and 5.0 GPa. The phase of the metastable shock-loaded
specimens was subsequently identified at 100 K in a neutron powder diffractometer
ascrystalineicel. Optical microscopy of the shocked ice surfaces revealed that the
grain retained its original structure and had not recrystallized.

The findings from thiswork have many geologica and geophysical implications
for theicy bodies of the outer solar system, but the effects were not studied quantita-
tively in thiswork.
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Melting of Ni and Pt at Ultrahigh Pressure: A Unique
| nterlaboratory Comparison

Principal Investigator: Raymond Jeanloz (UC Berkeley)
LLNL Collaborator: William J. Nellis
Student: Abby Kavner (UC Berkeley)

Abstract

Unique new calibration experiments are enhancing the use of the laser-heated
diamond-anvil cell for quantitative experiments at ultrahigh pressure and tempera-
tures. High-temperature thermocouples are being developed as an internal stan-
dard for temperature measurements within the laser-heated diamond cell.

Objectives

Two steps are important preconditions for establishing quantitative reliability of
temperature measurement in the diamond-anvil cell: careful intralaboratory calibra-
tions and extensive interlaboratory cross checks. These steps are being performed in
tandem at the UC Berkeley and LLNL high-pressure laboratories. With these cali-
brations and cross checks defining the standard of quantitative temperature determi-
nation at ultrahigh pressures, future progressin thisfield is expected to be rapid.

Progress
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The measurements have so far centered on platinum becauseit is already estab-
lished as a high-pressure standard. Also, ab initio calculations of the thermal equa-
tion of state of platinum have been performed, and platinum-based thermocouples
can be used as part of the temperature measurement calibration. Once the calibra:
tions have been established and are well understood, we will focus on determining
melting temperatures at high pressures.

Asalfirst stepin calibration, we tested the accuracy of our charge-coupled
device- (CCD-) based temperature measurements by measuring the room-pressure
melting temperature of resistively heated metal filaments. Using spectroradiometry,
we measured the temperature of the filaments just before they melted and broke,
yielding alower-bound estimate of the melting temperature for the metal filaments.
For platinum, the highest temperature measured before the filament broke is
2060 K, which within the experiment precision of +20 K, is exactly at the actual
platinum melting point of 2045 K. Measurements were also obtained for iron, zirco-
nium, molybdenum, and tungsten filaments.

Thelack of internal fixed-temperature calibrations has added to the difficulty of
interpreting temperatures that are determined using spectroradiometry. To address
this difficulty, we performed a set of thermocouple experiments. High-temperature
thermocouples, both platinum—rhodium and tungsten—henium, were laser-heated in
an argon atmosphere at room pressure using the Nd: YAG laser in continuous-wave
mode. The temperature was measured simultaneously using both spectroradiometry
and voltage measurements of the Seebeck effect. Average temperatures of the hot
spot, determined by spectroradiometry, agree with the thermocouple values to with-
in 100 to 300 K over the temperature range of 1200 to 2300 K.

Thefina experimental step in the calibration, still in progress, isto repesat the
thermocoupl e experiments, this time with the thermocouples mounted under pres-
surein the diamond-anvil cell. This step isimportant for two reasons. First, it will
significantly extend the pressure range of the thermocouples used for temperature
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measurement at ultrahigh pressures and will allow usto evaluate the effectiveness
of using them for such measurements. Second, combined with temperature gradient
and thermocoupl e response modeling, it is a step toward addressing measurement of
the large therma gradients encountered in laser-heating at high pressures.

This experimental work will continuein FY 1995. Using special nonconducting
epoxy gaskets, we have succeeded in loading the thermocouple into the diamond-
anvil cell, alowing usto perform the thermocouple calibration experiments under
high pressure.
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Atmospheric Characterization for Adaptive Optics

Principal Investigator: Stanley M. Flatté (UC Santa Cruz)
LLNL Collaborator: Claire E. Max
Student: L. William Bradford (UC Santa Cruz)

Abstract

In FY 1994, we continued investigationsinto the nature of the power spectrum
of optical phase fluctuations caused by refractive-index variations arising from
atmospheric turbulence. Thiswork is directed at understanding how atmospheric
turbulence will affect the performance of large optical telescopes and arrays of tele-
scopes. During FY 1994, we concentrated on analyzing the data taken by the LLNL
Laser Guide Sar Project team at the Lick Observatory. Most data were gathered
with the 1-m-diam Nickel telescope and some with the 3-m Shane telescope.
Analysis of data taken with the LLNL speckle camera has given someindication of
the range of valuesfor the temporal, spatial, and angular coherence scalesto be
expected at the Mount Hamilton site.

Objectives

The objective of thisinvestigation has been to analyze the effect of atmospheric
turbulence on optical propagation at an astronomical observatory. By obtaining val-
ues for the principal parameters used to characterize those effects, we can place
some restrictions on the models we use to characterize the atmosphere. Our previ-
ouswork has lacked some of the information needed to characterize the atmo-
sphere, leading usto use avariety of plausible atmospheric models, some based on
real, single-instance measurements and some on general statistical models. We were
able to draw some genera conclusions, as documented in our previous reports and
various conference proceedings1-3

Those models can only give us broad limits on possible behavior. If we areto
be able to determine whether there is any significant deviation from the standard
Kolmogorov model of atmospheric turbulence;*we require more information about
the structure of the atmosphere. It is not feasible to sample the atmosphere in a con-
tinuous manner over the required volumes. However, measuring coherence scales
associated with the propagation of starlight through the atmosphere does give us the
path-integrated values of the atmospheric structure constant C, 2 (which is ameasure
of the strength of refractive index fluctuations) and its products with wind vel ocity
and altitude. These yield the Fried coherence lengthr, the coherence time Ty and
the isoplanatic angle 6,

The Fried coherence length isthe largest diameter over which phase errors
introduced by the atmosphere give an image spot size less than or equal to that
resulting from diffraction by an aperture of that diameter. Theisoplanatic angleis
essentially the angle away from some reference object at which cross correlation
between two signals (or the autocorrelation for one signal) fallstoel, the zero sep-
aration angle value. The coherence timeisthe timeinterval over which the autocor-
relation of asigna will fall toe of the zero time value.

To test measurements against the Kolmogorov model, it is best to have mea
surements taken at two or more wavel engths, since power law models, such asthe
Kolmogorov model or the random walk model, will have results that scale with a
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power of the wavelength. For the Kolmogorov mode, r, 8, and t, will scale as
(A/A;)Y2, when measurements made at wavelength A, are compared with measure-
ments made at A,. For the random walk mode, r, 6,, and 1, will scale as (A,/A,)2.
Idedlly, these measurements will be made simultaneoudly, but thisgoal is not real-
ized in the experiments performed so far. Instead, a sequence of measurementsis
made at one wavelength and then repeated at other wavelengths. If the atmosphere
remains reasonably stationary, then scaling is possible. Of course, stationarity isa
statistical concept, so even if the atmosphere is stationary, thereislittle to guarantee
that any given set of measurements will be related by ideal scaling. Therefore, it can
be difficult to ascertain if differencesin measurements are caused by changesin the
atmosphere or non-Kolmogorov behavior. One objective of our analysis has been to
obtain someidea of how much variation is present in the data and how much data
might be needed to facilitate the analysis.

The measurements made at the Lick Observatory consist of short-exposure time Progress
images taken to create stellar speckle interferograms and also of wavefront sensor
measurements taken with the LLNL adaptive optics instruments. The wavefront
sensor measurements can be divided into the following categories: no tip/tilt correc-
tion, open loop measurements of single and binary stars, open loop with tip/tilt cor-
rection on anatural guide star, and closed loop and tip/tilt correction on a natura
guide star. Only the speckle measurements are reported here, but a future paper will
discuss both sets of measurementsin more detail. Some of the data have already
been reported at a conference on adaptive optics?®

Thisinformation is sufficient to calculate afew parameters relevant to optical
propagation through the turbulent atmosphere. These include the spatial coherence
sizer,, thetemporal coherencetimeTt,, and the angular coherence size,,. These
parameters should, in principle, be sufficient to infer acrude model of the structure
of atmospheric turbulence for calculations involving integrals over the optical path
through the turbulence. Such models cannot represent the fine structure known to
exist in the atmosphere.

Datawere taken at the Lick Observatory from February 1993 through
September 1994. Of more than 30 nights with any speckle data collection at all,
only about 10 have measurements that would allow some determination of al three
parameters (r,, 6,, and 1,). Of those, scaling of the wavelength is possible on all
three parameters on only two occasions. However, wavelength scaling on at least
one of the parametersis possible (in principle) on sixteen occasions. For two param-
eters, nine nights are possible. Analysis of the potential for information from the
wavefront sensor is not complete at thistime.

Even with all of these possibilities, some of the data are less useful than other
data. One of the principal problemswith many of the experimentsisthat datawere
taken (sometimes of necessity) at exposure times of more than 50 ms. These longer
exposure times are a problem for measurements of the isoplanatic angle because
they tend to wash out high-gpatial-frequency information, leaving only some of the
lower-gpatia-frequency information. The latter is more spatially invariant; there-
fore, measured signals from two sources are more spatially correlated than they
would beif high-spatial-frequency information isincluded. Initial analysis indicated
larger isoplanatic angles than expected on the basis of others' experience and stan-
dard models. Initial measurements often indicated isoplanatic angles of more than
10 arcsec, far larger than the 2 to 4 arcsec typical of other sites.

Measurements at shorter exposure times were then made, which led to values
more in accord with expectations, with values ranging from 3 to 5 arcsec for expo-
sures of afew milliseconds. In some cases, an attempt has been made to correct the
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long exposure data. Thiswas done by plotting values of cross correlation versus
exposure time for some of the datasets. Unfortunately, no single set of measurements
was attempted over the entire range from 1 to 100 ms, and the data from severa
experiments have some scatter. Nevertheless, it looked asif a measurement made at
100 ms, which yielded a cross correlation of 0.85, might correspond to 0.50 at 1 ms
(all very roughly). For the datasets used, which had binary components separated by
3 to 4.4 arcsec, this seemed to give 8, values more in line with expectations.

The same correction was applied to a dataset where the separation of the bina-
riesisamost twice as large and only exposure times of 100 ms had been made. The
results still give 8, values much larger than expected. It appears that what we have
actually observed isthat at 100 ms, the cross correlations are relatively independent
of binary separation (at least for separations between 4 and 8 arcsec). Thismay bea
hint of some sort of outer scale, but the interpretation is uncertain.

The longer exposure times are aso not useful for estimates of the coherence
time since measurements at other sites, and these data, show that the coherence time
isoften lessthan 10 ms. Still, several datasets were taken with appropriately short
exposure times. The resultsindicate that at wavelengths of 550 nm, the coherence
timeisabout 5 to 10 ms. The datasets do indicate that the coherence timeis longer
as the wavelength increases, but quantitative comparisons with the data analyzed so
far seem inconclusive.

Calculations of the Fried coherence length were made by calculating the aver-
age value of the square of the modulation transfer function for a star image. This
was then used to fit afunction of the parameterr, yielding abest fit value for r,.6
The particular function to be fitted assumes a Kolmogorov model. Fits to the data
using anon-Kolmogorov model are planned.

Because the values for r, are obtained by fitting to afunction, we must be care-
ful in reporting the values obtained. If the fit is not particularly good, the value
reported may be mideading. For example, we have some values reported at longer
wavelengths that seem to indicate quite good seeing, but for which thefit is not par-
ticularly good. This may indicate that performance gains at longer wavelengths are
better than expected from Kolmogorov, as suggested by Bester et a7 Fitting with
non-Kolmogorov models will provide some guidance.

In Figure 1, we show some data taken at the Nickel telescope on September 29,
1993. Triangles represent the best-fit values of r, computed from the fitting func-
tion. The circles represent the values of r, obtained if the wavelength scaling ruleis
applied to scale to awavelength of 500 nm. Note that about 20 min into the data, the
scaled values incresse. Is thisincrease caused by an improvement in the seeing, or is
it somehow related to a non-Kolmogorov effect? Certainly, the former is possible
and very likely. As mentioned, the atmosphere may not appear to be stationary.
Evidencefor thisis shown in Figure 2, in which data from March 11, 1993, are plot-
ted. In Figure 2, al measurements were at a single wavelength, so variability in val-
ues represents variability in the atmospheric (and possibly dome) conditions. Early
in the night, the data do not fluctuate as much as later in the evening. Thisfact indi-
cates that nonstationary behavior is possible. One problem with the analysisis that
there are relatively few extended sets of measurements.

With additional dataand analysis, particularly analysis of the wavefront sensor
data, we hope to get better insight into the question of model variations versus norn-
stationary atmospheric effects.
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Figure 1. Values of r, measured for the night of
September 29, 1993. Solid triangles represent the
values calculated for afit of MTF data to a func-
tion of r,. Those values are not collected for zenith
angle and wavelength. Open circles represent the
same data when the data are scaled to a single
wavelength and vertical incidence. Note that r,,
increases early in the night, because of either bet-
ter seeing or a non-Kolmogorov effect.
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Figure 2. Values of r, measured for the night of
March 11, 1993. Notation issame asin Figure 1.
All data are at a single wavelength; therefore,
variability reflects changes in atmospheric con-
ditions, indicating that the atmosphereis not
likely to be stationary over long periods of time.
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Ther-Processin Supernovae and Parameterized
Nucleosynthesis

Principal Investigator: Stanford E. Woodey (UC Santa Cruz)
LLNL Collaborators: Grant J. Mathews and James R. Wilson
Student: Robert D. Hoffman (UC Santa Cruz)

Abstract

In this project, we focused on the r-process, especially a series of calculations
designed to give quantitative support to our earlier contention that these neutron-
rich nuclei are produced in Type Il and Ib supernovae as a result of a neutrino-
driven wind during the first 10 to 20 s after the explosion. e also continued our
studies of intermediate mass nucleosynthesis in massive stars, with emphasis on
long-lived gamma-ray radio activities, and we explored the production of rare
neutron-rich speciesin Chandrasekhar mass supernovae of Type la.

Objectives

We originally proposed to study several topicsin stellar nucleosynthes's:
(1) heavy-element production in the hot bubble, aregion of high-entropy (up to
500) that comesto exist between the surface of ayoung (1 to 20 s) neutron star and
the receding shock following core bounce, in those supernovae that leave neutron
stars; (2) a parameterized (model-independent) survey of hydrostatic and explosive
nucleosynthesis that would span the entire temperature spectrum of explosive and
hydrostatic processing in massive stars; (3) the publication of asmall, fast nuclear
reaction network that accurately estimates the nuclear energy generation rate during
advanced stages of stellar evolution; and (4) the production and distribution of a
tabular compilation of our nuclear reaction rate tables for strong, electromagnetic,
weak, and neutrino-induced reactions on nucle from hydrogen to ruthenium (atom-
ic number between 1 and 44). Progress was madein al four areas, but we spent the
most time and learned the most in studying the r-process?!

Progress
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We cd culated the nucleosynthesis arising from the neutron- anda-rich freeze-
out of materia initially in nuclear statistical equilibrium that occurs within neutrino-
driven winds during the first 18 s of amodel supernova. In particular, we examined
the last 0.03 Mg gected using conditions taken directly from the latest 20Mg
delayed explosion model of Wilson and Mayle?2 We found that the nucleosynthesis
arising from the last 10#Mg, of gjectawasindeed in very good agreement with the
solar r-process, both in terms of its composition and the total mass required by
Galactic chemical evolution. This result was achieved without adjustment of the
physical parameters (entropy, neutron excess, expansion time scale) affecting the
nucleosynthesis in the model. Competing efforts by other research groups-° also
confirmed that the r-process evolved within the context of the neutrino-driven wind
scenario described by our earlier papers.”® However, these parametric studies were
not based on arealistic supernova explosion model and thus lacked adequate detail
to prove the case.

Despite our success, the present model suffers from alarge overproduction
of neutron-rich material, mostly nuclel with aclosed N = 50 neutron shell, during
the first second of the explosion. If gected, these would overwhelm the success-
ful r-process isotopes made a few seconds later. This defect may originate from
uncertainties in the supernova model, for example, because of the inherently
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multidimensional character of the event we are studying or because of relatively
small errorsin the electron fraction Y, characterizing gjecta at this time. We sug-
gested in our paper that this defect might be avoided by appealing to convection
in the early part of the calculation, where the overproduced N = 50 isotones might
not be gjected, but rather returned to the neutron star. At later times, the character
of the hot bubble changes to a neutrino-driven wind, and the subsegquent condi-
tions necessary for the evolution of the r-process isotopes are retained.

Our most recent efforts to avoid theN = 50 overproduction problem center
more on uncertaintiesin Y, and suggest the exciting possibility of producing the
previously unaccounted for light p-process nuclei 0Ge, "Se, 78K, 84S, 92Mo, and
9%Ru in the same neutrino-driven wind that eventually gives rise to the r-process.
The synthesis of the latter two is especially welcomein light of their deficiency in
the best current models for the p-process® The inclusion of electron-neutrino and
anti-neutrino capture reactions on free nucleons and heavy nuclel can ater the neu-
tron excess of the material in the wind and reduce at early times its very neutron-
rich character, which led to the principal failure of the current model. The flux and
spectra of the electron neutrinos, combined with the systematics of the nuclei in the
region from zinc to ruthenium, allow the nuclear flows to proceed along a path that
is more proton-rich and can provide for both a diminishment of the large overpro-
duction factors of neutron-rich N = 50 isotones and favor the production of the rare
p-nuclei mentioned above. We are continuing to study this problem with George
Fuller (UC San Diego) and Brad Meyer (Clemson).

A definitive answer that fully explains the production of the solar abundances
of ther- and light p-nuclides will likely come from future models that incorporate
all of these factors, the individual aspects of which we are currently studying.
Nevertheless, we are encouraged to find such arich and diverse site in nature that
can provide for the production of some of nature'srarest material.

We also prepared atable of reaction rates that includes the nuclear dataused in
the r-process studies,1:"-8 the ongoing massive star nucleosynthesis surveys at
LLNL,10-12 gnd the parameterized nucleosynthesis survey!3 being carried out at UC
Santa Cruz. Additionally, we have made available the reaction rate database and the
programs needed to cal culate the nuclear reaction rates on intermediate massiso-
topes contained in Woosley et al.14 These are available on request and will soon be
available on the World Wide Web.

With the advent of multidimensional models, there is considerable demand for a
fast, accurate code that provides the nuclear-energy generation rate. We have devel-
oped and tested asmall, nine-isotope reaction network that provides an accurate
estimate for the nuclear-energy generation rate during advanced stellar burning con-
ditions ranging from helium to oxygen burning. Versions of this code are being used
by several researchersto study multidimensional massive star collapsein Typell
and la supernova models and in the propagation of detonation and deflagration
frontsin degenerate material. A specialized version that more accurately tracks the
evolution of the neutron excessis aready in use in Wilson's core collapse code and
in the multidimensional supernova models of Herant and Benz.
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Dark Matter Neutrinos, Weak | nteraction Physics,
and Supernova Dynamics and Nucleosynthesis

Principal Investigator: George M. Fuller (UC San Diego)
LLNL Collaborators: Grant J. Mathews, James R. Wilson, and Ron Mayle
Student: Gail C. McLaughlin (UC San Diego)

Astrophysics

W& have investigated several weak interaction physicsissuesthat bear on
nucleosynthesis from neutrino-heated supernova gecta. In particular, we have con-
tinued our study of the relationship between matter-enhanced neutrino flavor trans-
formation (v o Yy orv H‘ve) and super nova heavy-element nucleosynthess.
We have also computed neuflrl no and anti-neutrino capture rates on heavy nuclei. In
turn, these rate cal culations have suggested to us that p-process nucleosynthesis
may haveits origin in neutrino-heated supernova g ecta at times|lessthan 1 s after
core bounce.

Abstract

The objectives of this project included a further investigation of matter-
enhanced neutrino flavor transformation and concomitant nucleosynthesis effectsin
the post-core-bounce supernova environment.! Thisisimportant because thev
and/or v, vacuum masses that give neutrino-mass level crossingsin the region of the
supernovawhere heavy-element nucleosynthesis originates are coincidentally the
same as those of interest for neutrino hot dark matter (1 to 100 V). Another objec-
tiveisto calculate neutrino and anti-neutrino capture rates on heavy nuclel.

Neutrino flavor transformation probabilities in the supernova environment can
be affected by the manner in which neutrino—neutrino forward scattering is treated.
Furthermore, density fluctuations in the environment above the neutrino sphere
could conceivably cause neutrino flavor decoherence. In this process, for example, a
pure beam of, say, v, propagates through fluctuations and becomes equal partsv,
andv,.

Objectives

In FY 1994, we made considerable progress on several issues of wesk interac-
tionsin the supernova problem. Studies of neutrino captures on heavy nucle are
nearly completed,? and we are still wrestling with the problem of neutrino flavor
evolution in the post-core-bounce supernova environment.

Calculations on neutrino—neutrino forward scattering contributions and matter-
enhanced neutrino flavor conversion in supernovae are well under way2 Thisisa
difficult problem to treat properly, in part because of the nonlinear nature of the
weak potential seen by a neutrino propagating above the neutrino sphere. This
potential is partly contributed by neutrino—neutrino forward scattering, so it depends
on the flavor states of the background neutrinos. In turn, what flavor state the neu-
trino resides in depends on the weak potentia (and the prior history of the weak
potential) encountered by the neutrino. In FY 1994, we discovered a numerical
schemeto treat this problem.

Neutrino and anti-neutrino capture rates on heavy nuclei were calculated for
conditions relevant for the region above the neutrino sphere in supernovae? We
found that these rates are dominated by the Fermi and Gamow—Teller resonance
trangitions. These rates have led us to suggest a possible production channel for
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some of thelight p-process nuclei, particularly ©2Mo. We are undertaking a system-
atic study of this site in the supernova as alikely environment for the production of
the light p-isotopes# Part of our research will involve computing the neutrino cap-
ture rates on heavy nuclel.

We a so investigated the ramifications of matter-enhanced neutrino flavor trans-
formation on the detection of neutrinos from a galactic supernova®
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Numerical Studiesof Fragmentation in Star-Forming
Regions

Principal Investigator: Christopher F. McKee (UC Berkeley)

LLNL Collaborators: Richard I. Klein, John Bell, Louis H. Howell, and
Jeffrey Greenough

Student: John H. Holliman 11 (UC Berkeley)

Astrophysics

The fragmentation of star-forming molecular cloudsis poorly understood, in
part, because of the highly nonlinear nature of the process and its sensitivity to the
initial conditions. Previous simulations of this process have suffered conceptually
because collapse is started from a contrived initial state that is usually far out of
equilibrium, is always highly unstable, and does not include all of the pressure
components that contribute to dynamical support in clouds. We have developed an
analytic formalism that determines the structure and assesses the stability of clouds
when support from thermal motions, Alfvenic turbulence, and static magnetic fields
isincluded. Prior work has also had the disadvantage of using conventional numer-
ical schemeswith prohibitive computational requirements. Therefore, as a prelude
to studying fragmentation, we incorporated gravity into a powerful adaptive mesh
refinement hydrodynamics algorithm recently developed at LLNL. Our unique code
ishighly discriminating in allocating time resources, thus allowing fragmentation to
be model ed with unprecedented resolution. During FY 1994, we improved the ana-
Iytic stahility formalism, completed the code devel opment tasks, and began testing
our algorithm on a supercompuiter.

Abstract

Star formation plays acrucia rolein galactic evolution and is critical in deter-
mining the structure of the interstellar medium; nevertheless, answers to basic ques-
tions concerning this process remain elusive: What dictates the rate of star
formation? What determines the relative proportions of low-mass and high-mass
stars? A key step in the star-formation processis fragmentation, whereby massive
molecular clouds or clumps within the clouds break up into substantially less mas-
sive cores that may in turn condenseinto stars. Thefirst objective of our work isto
develop the numerical technology and conceptual advances that will alow usto
consider this problem redistically. Code devel opment includes testing on a standard
suite of problems. Once the working status of the code is established, the primary
goas of the simulation are to: (1) assess the nature of fragmentation in environ-
ments where massive stars form and (2) investigate the sengitivity of the resultsto
the rotational rate, the relative support from Alfven waves and static magnetic
fields, and the density perturbation spectrum. Our analysis may determine whether
theinitial spectrum of perturbations, or the fragmentation process itself, dictates the
mass distribution of the fragments. The effort could thus effect afundamental
advance in our understanding of star formation.

Objectives

Our numerical work was motivated in part by conceptual weaknessesin earlier
fragmentation studies that include neither meaningful initial conditionsfor collapse
nor realigtic treatments of the nonthermal dynamical support in star-forming clouds.
At thetime of the original proposal, Holliman and McKee had developed aformal-
ism that determined the equilibrium structure and stability of gas spheres supported
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by thermal motions and Alfven waves. In the interim, we augmented this scheme to
approximate the effect of static magnetic fields on the initial condition for collapse.
The substantial influence of static magnetic fieldsis ageneral feature in star-forming
regions, but their effect on structure and stability when Alfven waves are also present
had not previously been determined. The detailed magnetic-field geometry isrela
tively difficult to calculate, and its evolution can only be followed with a magneto-
hydrodynamic code. However, because we model magnetized systems as gas spheres
with polytropic pressure components, our anaysisis straightforward. The agreement
with the detailed calculations for isothermal cloudsthat have been performed by oth-
ersisexcdlent. Additionally, the equation of state that is needed in the adaptive mesh
refinement (AMR) agorithm to represent support from thermal motions, Alfven
waves, and static magnetic fields isreadily obtained from our formalism.

We proposed this project having previously used an AMR hydrodynamics code
without gravity on severd astrophysically significant problems!— The task of cou-
pling the Godunov integrator in the hydrodynamics agorithm to an adaptive, multi-
grid solver for self-gravity was divided into four steps. Preliminary work involved
moving the component texts to our development platforms—Sun workstations and
a Cray supercomputer—and adapting this source code to the peculiarities of the
compilers. We confirmed that the Godunov integrator and elliptical solver for gravi-
ty were working properly on an individual basis. Next, we joined these codes so
that, at each time step, the multigrid solver computes the gravitational potential of
the density distribution and then adds the corresponding body force to each cell
before the next step. We were the first group to couple these numerical schemes.
Thethird step was to update the Godunov integrator to include the self-induced
gravitational forces. A convergence study indicated that, following this additional
coupling, the code provided the anticipated second-order accuracy. In the final
developmentd step, we incorporated the coupled routinesinto the hierarchical
AMR agorithm.

We requested and received both a development grant and a production grant for
thiswork on the Cray Y-MP C90 at the Pittsburgh Supercomputing Center. The
fully funded production grant is being used to complete the standard test suite and
to conduct a pilot study that will determine which parameters would be most prof-
itably varied in our subsequent high-resolution runs.

References

1. Klen,R. 1., J. Bdl, R. Pember, and T. Kelleher (1993), inFourth Int. Conf. on
Compressible Turbulence, P. F. Linden, Ed. (Cambridge: Cambridge University
Press).

2. Klein,R. 1., C. F. McKee, and P. Coldla(1994), “On the Hydrodynamic
Interaction of Shock Waveswith Interstellar Clouds: I. Nonradiative Shocksin
Small Clouds,” Astrophys. J. 420, 213.

3. Woods, D. T.,R. I.Klein, J. I. Cagtor, C. F. McKee, and J. B. Bell (1994), sub-
mitted to Astrophys. J.



Dust-Driven Winds from Pulsating, Late-Type Stars

Principal Investigator: Mark Morris (UC Los Angeles)
LLNL Collaborator: John . Castor
Student: Nickolapos Mastrodemos (UC Los Angeles)

Astrophysics

We have produced dynamical models of winds originating from pulsating late-
type giants. Our primary focusis the interaction between gas and dust under the
effect of pulsation and the detailed density structure of the wind. The preliminary
findings of thiswork are that, although there exists a potential instability in the two-
fluid flow, it cannot grow significantly in the time available for most realistic condi-
tions. Thus, the wind appears to be stable and uniform on large scales.

Abstract

The formation of dust grainsin the atmospheres of pulsating red giants occurs
under highly irregular conditions. With alinearized treatment of the dust—gas flow
equations, we have shown that the drift of dust grains through the gas can amplify
initial inhomogeneities for certain wavelengths on time scales shorter than the wind
flow time, thusleading to instabilities. Of particular interest isthe possibility of res
onances between the growing modes and the periodic luminosity variation of the
star. If resonances exist, they may favor growth of certain wavelengths, thereby fur-
ther enhancing the density contrast. To investigate the wind structure in the nonlin-
ear regime, we constructed a numerical simulation of a dust-driven wind.

Objectives

The basis of our numerical study isaone-dimensiona hydrodynamic code orig-
inated and used by Owocki and Castor to study winds from OB stars. This code
uses a staggered-mesh and explicit time stepping that is operator split into
Lagrangian and advection steps. Advection is performed with Van Leer’s second-
order monotonization algorithm.

To adapt the code to the physics of red giant winds, we needed a number of
modifications and additions. For example, to study the effects of dust-streaming, we
included dust as a separate fluid. Also, the numerical inner boundary is kept fixed
because we are not concerned with the actual pulsation of the star but with its
luminosity variations. The levitating effect of the pulsation is accomplished by ther-
mal expansion and by afictitious mechanical force.

Dust grains are assumed spherical and form when the temperature drops below
1500 to 1200 K, depending on the dust species. Dust is not an ordinary fluid
becauseitskinetic “temperature’ is effectively zero. A single dust speciesis unique-
ly specified by the grain radius and density of its material. To better investigate the
effects of different grain sizes and to reduce computational effort, we have so far
confined our analysisto grains of asingle size.

The two fluids—gas and dust—are momentum-coupled, and this coupling
drivesthe wind. The coupling term is nonlinear, depending on the volume densities
of the two fluids and on the gas kinetic temperature, and it is quadratic in the drift
velocity. These dependences render the momentum equation very stiff in theinner
10to 20 gtellar radii. For typical velocities and mass-loss rates, the characteristic
coupling time and length are as small as 10 years and 10-° stellar radii, respective-
ly, which isimpossible to resolve. We have therefore opted for an implicit descrip-
tion of the momentum equation. The optimal spatial resolution was determined after
some experimentation and observation of the resulting wave structure. A density
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waveistypicaly contained within 20 to 30 zones. To extend our calculationsto a
radia distance of 106 cm, we need a spatia mesh with 9000 to 12,000 points.

Of particular importance for the time integration is the initial state. e learned
that an initial state far from the steady-state solution will usually result in enormous
shocks and transients propagating outward. To eliminate this problem, we determine
theinitial state from the solution of the steady-state problem under the simplifying
assumption of complete momentum coupling. This solution also saves considerably
in computer processing time.

The energy balance of the wind must be properly accounted for to determine
the extent to which thermal pressure can smooth out initial fluctuations. The most
important heating and cooling mechanisms are heating that results from the viscous
interaction between gas and dust, and cooling that results from adiabatic expansion
and molecular excitation. These energy termswere included one at atime to better
assess their relative importance.

At each stage, we explored parameter space by considering grain radii from
10-8to0 10> cm, mass-loss rates from 10~/ to 10~ solar masses per year, gas termi-
nal velocities of 10 to 20 km/s, and periods of luminosity variation between 100 and
1000 days. For all cases considered, the dust formation radius was between 1 and
2 x 10 cm, consistent with observations. The dust opacity per unit mass was
adjusted so that terminal gas velocities are within the observed values.

In our first exploratory phase, we considered an adiabatic wind. The tempera-
ture gradient appears very steep, with temperature dropping below the 2.73 K back-
ground at 5 x 10'>cm. The instability is apparent at every length scale, with the
most rapid growth at shorter wavelengths. Thisfinding isin agreement with our lin-
earized anaysis.

Adiabatic cooling is an unredistic model, however, so we next added the vis-
cous heating term, obtaining a more reasonabl e temperature structure, with tempera-
ture ranging from 80 to 150 K at 10 cm. Growth of short wavelengths completely
disappears under these circumstances. Longer wavelengths, although present at
largeradia distances, do not appear to grow any faster than they are advected, so
theinstability is suppressed.

Figure 1 shows waves provoked by the periodic luminosity variations of the
star. The wave amplitude appears to increase dightly with an increase in the period
of luminosity variation. It is aso proportional to the mass-loss rate and to the ratio
of the gasto drift velocity. The latter isin agreement with results from an absolute
stability analysis. For mass-loss rates of 10° Mg/year and terminal velocities of
~20 kn/s, the drift velocity is~2 km/s. Thisvelocity implies arather strong cou-
pling between the two fluids that does not alow the fluctuations to diminish. At
mass-loss rates of 106 and terminal velocities of ~15 kn/s, the drift velocity is
higher, ~4 km/s, and the amplitude of the waves diminishes with distance.

A prominent festure is the formation of wavepacketsin the profiles of all physi-
cal variables, containing as many as 20 of the individua waves. These wavepackets
resemble standing waves, their maximum and minimum amplitudes are at fixed
locations. Thisisasurprising and somewhat unexpected festure. We specul ate that it
is owed to the interaction of two growing modes, one lagging behind the gas and one
moving essentialy with the dust. A typica envelopewavelengthis 1 to 2x 1015 cm.

To complete the correct description of energy balance, we included the most
important cooling terms, rotational and vibrational transitions of H,O and H,,
respectively. The temperature at 1016 cmis now 30 to 40 K. Whether the instability
will be rekindled by the inclusion of cooling is under investigation. As of thiswrit-
ing, the production runs are under way, and we expect to conclude this investigation
during FY 1995.
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Figure 1. Variations of physical quantities with radiusin the presence of a star
having a periodic, two-year luminosity variation of 50% about 6000 solar lumi-
nosities: (a) outflow velocity of gas and dust and (b) gas density.
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Section | V. IGPP-LLNL Seminarsand
Wor kshops

Center for Geosciences

Saminars

December 9, 1993

“Measurements of Anisotropic Elastic Moduli and Comparison with Equivalent
Media Theories’

Julie Hood, University of Miami

December 16, 1993
“PIXE and Related Techniques Applied to the Geosciences’
Graham Bench, GERP's Center for Accelerator Mass Spectrometry

January 20, 1994

“Probing Phase Transformations in NaCl and Tridymite via Infrared Spectrometry
at Pressure and Temperature”

Anne Hofmeister, UC Davis

February 17, 1994
“Phase Equilibria Studies of Amphibolite—Eclogite Transition”
Jun Liu, Stanford University

March 1, 1994

“Crustal Thickening and Lithospheric Thinning in the Indo-Asian Continental
Collision”

Greg Houseman, Monash University, Australia

March 3, 1994

“ Subducted Oceanic Sediments—Experimental Constraints on Highly
Peraluminous Melts and Cl-Rich Fluids’

Geoff Nichals, California Institute of Technology

March 28, 1994

“Origin of the Giant Stratospheric SO, Cloud from the Climactic Eruption of Mount
Pinatubo”

Terry Gerlach

March 30, 1994
“Rates of Silicate-Water Interactionsin Natural Processes’
Eric Odkers, University of Paul Sabatier, Toulouse, France

April 29, 1994

“Systematic Stress Variations in the Southern San Joaquin Valley and along the
White Wolf Fault: Implications for the Rupture Mechanics of the 1952 Ms 7.8
Kern County Earthquake and Contemporary Seismicity”

David Cadtillo, Stanford University
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May 5, 1994

“Ore Minerdization in the German Deep Drilling Project and Its Significance to
Some Geophysical Parameters’

Agnes Kontny, University of Geissen, Germany

May 12, 1994

“History, Experience, and Possibilities of Interpretation of Magnetotel luric
Measurements in the Eastern Part of Germany”

G. Porstendorfer, Bergakademie Freiberg, Institute of Geophysics, Freiberg,
Germany

May 16, 1994
“Anaysis of the Geochemical Aspects of the Underground Disposal of CO,”
| sabelle Czernichowski, Bureau de Recherches Geol ogiques of Minieres

June 2, 1994

“Perspectives on Mantle Méelting from Thermodynamic Models of Minerals and
Silicate Mélts’

Marc Hirschmann, Californialnstitute of Technology

June 1994

“Water Trangport and Release in Subduction Zones: An Experimental Investigation
of Hydrous Phases in Synthetic and Natural (Crustal) Systems”

Clermont Ferrand, Department de la Terre, CNRS, France
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Center for High-Pressure Sciences

Saminars

February 3, 1994
“Theoretical Modeling of Island Growth during the Early Stages of Epitaxy”
Steven Bales, Sandia National Laboratory, California

February 11, 1994
“First-Principles Calculations for (100) Semiconductor Surfaces’
A. Garcia, Xerox PARC

February 14, 1994
“Dielectric Properties and Pressure-Induced Phase Transition of Stishovite”
Changyol Lee, Corndll University

February 17, 1994
“Magnetism and Normal -State Properties of thet-J Model”
Y. R. Wang, Xerox Webster

March 3, 1994
Microanalysis of the Structure of Epitaxialy Grown Superconducting Thin FIms”
Rich Howell, LLNL

March 4, 1994

“Some Theoretical Considerations Involving Diamond Recovery in Dynamic
Experiments’

Robert G. Arkhipov, Ree

March 10, 1994
“Optical Studies of Novel Strain-Layered Quantum Well Heterostructures’
W. Zhou

March 31, 1994
“Biomimetrics Biomaterids, What'sin It for H-Divison?”
D. Young, LLNL

April 7, 1994
“Electron-L attice Interaction at Semiconductor Surfaces’
Oleg Pankratov

April 12, 1994
“Low- and High-Temperature Phases of Clean and Pb-Covered Ge(111) Surfaces’
Annabella Selloni, University of Geneva

April 14, 1994

“Charge-Transfer Phenomenain Polyphenylenevinylene/Molecularly Doped-
Polymer Bilayer Devices’

Homer Antoniadis, Xerox
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April 28, 1994
“Investigations of New Photonic Materials: Silicon Nanocrystals and Fullerenes’
Howard Lee, LLNL

June 2, 1994
“Ultrafast All-Optical Computations Using Conjugated Polymers’
Andrew W. Hays, UC Santa Barbara

June 9, 1993
“Powders under Shock Loading and Controlled High-Rate Shear Deformation”
Vitalii Nesterenko, UC San Diego and Novosibirsk State University

June 14, 1994
“Conjugated Polymers for Usein Schottky Devices’
Khashayar Pakbaz, UC Santa Barbara

June 16, 1994
“Properties of Nitrogen-Doped ZnSe”
Tony Chen, UC Berkeley and Lawrence Berkeley National Laboratory

June 30, 1994
“Organic Semiconductor Light-Emitting Diodes’
Ming Yan, AT&T Bell Labs

July 14, 1994
“Ultrahigh Pressure Research with the Femtosecond L aser”
Richard More, LLNL

July 21, 1994
“Cathodic Arc Deposition of Amorphous Diamond Thin Films’
Steve Falabella, LLNL

July 22, 1994
“Raman Scattering in Natural and C,5-Enriched Diamond at High Pressure”
Sergel M. Stishov, Institute of High-Pressure Physics, Troitsk, Russia

August 4, 1994

“Electric Field Modulation Spectroscopy of Light-Emitting Molecules and
Polymers’

Tom Hagler, Los Alamos National Laboratory

August 9, 1994
“A Unified Picture Crystal Structures of Metals’
Soderlind, University of Uppsaa

August 11, 1994

“Ab Initio Study of Liquid Boron”
Gilles Zerah, Centre d’ Etudes de Limell, France
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August 12, 1994
“Nonlinear Optical Probes of Solids under Pressure”
Magnus Lipp, University of Missouri

August 25, 1994
“Planar Fault Energiesin Substitutionally Disordered TiAl Alloys’
Chris Woodword

September 15, 1994
“A Constitutive Mode Based on Microstructure’
Steward Keeton, LLNL

September 22, 1994
“Didectric Properties of Hydrogen under High Pressure’
William J. Evans
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Astrophysics Research Center

Saminars

October 8, 1993
“Pulsars and Supernova Remnants’
Shrinivas Ramchandra Kulkarni, California I nstitute of Technology

October 15, 1993
“Infall and Outflowsin Early Stellar Evolution”
Lee Hartman, CfA, Harvard

October 18, 1993
“The Crust of the Neutron Star”
Jochen Wambach, University of Illinois

October 19, 1993
“Planetary Nebula Formation: Filling in the Missing Link”
Margaret Meixner, UC Berkeley

October 22, 1993
“The True Shape of Elliptical Galaxies’
Tom Statler, University of North Carolina

October 29, 1993
“Peculiar Motionsin the Universe”
Greg Bothun, University of Oregon

November 5, 1993
“The Distance to M81 from the Hubble Space Tel escope”
Jeremy R. Mould, California Institute of Technology

November 12, 1993

“Probable Detection of Microlensing by Halo Objects: The MACHO Project’s
Firgt Year”

Kem Cook, LLNL

November 18, 1993
“Digtant Radio Galaxies’
Huub Rottgering, Leiden Observatory, The Netherlands

November 19, 1993
“Planetary Nebulae and Their Rolein the Progress toward the Hubble Constant”
George Jacoby, NOAO, Kitt Peak Observatory

December 3, 1993

“Making Mountains out of Mole Hills: Gas Dynamical Simulation of Galaxy and
Large-Scale Structure Formation”

Paul Shapiro, University of Texas
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December 10, 1993
“The Structure of Spheroidal Nuclei as Seen with the Space Telescope”
Sandy Faber, UC Santa Cruz

January 7, 1994

“On Constraining the Small-Scale Structure of the Early Universe by Primordial
Nucleosynthess’

Karsten Jedamzik, LLNL—GPP

January 21, 1994
“COBE Observations and the Early Universe’
George Smoot, Space Sciences Laboratory, UC Berkeley

January 28, 1994

“Pixon Quantification of Picture Information Content with Application to Image
Reconstruction”

Richard Puetter, UC Diego

February 4, 1994
“Galaxy Evolution in Moderate Redshift Clusters’
Adam Stanford, IPAC, Jet Propulsion Laboratory

February 18, 1994
“The VLA FIRST Survey: A Progress Report”
Bob Becker, UC Davis- GPP

February 25, 1994
“Reativistic Shocks and the Excitation of the Crab |1 Nebula’
Jonathan Arons, UC Berkeley

March 4, 1994
“Cosmic Microwave Background Anisotropies after COBE”
Douglas Scott, UC Berkeley

March 8, 1994
“Gaaxy Dynamics and the Mass of the Universe”
Vera Rubin, Carnegie Ingtitution of Washington

March 11, 1994
“Pluto’s Atmosphere: Where It Comes from and Where It's Going”
Roger V. Yelle, University of Arizona

March 18, 1994
“Evidence that Gamma-Ray Bursts Repeat and Are Galactic in Origin”
Don Lamb, University of Chicago

March 21, 1994
“Testing Inflation”
Michael Turner, University of Chicago, FNAL

April 1, 1994

“Inferring Cloud Fragmentation via Near-Infrared Studies of a Young Star Cluster”
Mary Barsony, UC Riverside
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April 8,1994
“Gravitational Lensing, Time Delays, and Hubble's Constant”
Jacqueline Hewitt, Massachusetts Institute of Technology

April 15, 1994
“Nucleosynthesisin Massive Stars’
Tom Weaver, LLNL

April 18, 1994
“The Shape of Dark Matter Halos: Another Conspiracy?’
Penny Sackett, Institute for Advanced Study, Princeton University

April 18, 1994
“White Dwarfs and Brown Dwarfs Theory: Galactic Implications’
Gilles Chabrier, Ecole Normale Superieure de Lyon, Cedex, France

April 22,1994
“Galileo Enroute to Jupiter”
Torrence Johnson, Jet Propulsion Laboratory

April 29, 1994
“Infrared to X-Ray Spectral Energy Distributions of High-Redshift Quasars’
Jill Bechtold, University of Arizona

May 2, 1994
“Infall to the Galactic Center”
Paul Ho, Smithsonian Astrophysical Observatory

May 4, 1994
“Spectral Characteristics of Local Galaxies’
Anne Kinney, Space Telescope Science Ingtitute

May 6, 1994
“Galactic Accretion Disks: Lifting the Veil on Halos”
Tom Steiman-Cameron, NASA/Ames

May 10, 1994

“Science with the Infrared Array Spectrometer CGS4 on the United Kingdom
Infrared Telescope—From the Solar System to the Edge of the Universe’

Gillian Wright, United Kingdom Infrared Telescope

May 13, 1994

“Batch Discovery of Six High-Redshift Supernovae: Developing aNew Tool for
Cosmology”

Saul Perlmutter, Lawrence Berkeley National Laboratory

May 17, 1994
“UCLA Infrared Cameraand an Infrared Search for Brown Dwarfsin the Hyades’
Bruce Macintosh, UC Los Angeles

May 20, 1994
“Measuring the Extragal actic Distance Scale with Type Il Supernovag”
Ron Eastman, LLNL
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May 27, 1994
“Mining the MACHO Database: Microlensing and Variable Stars’
Kem Cook, IGPP-LLNL

August 12, 1994
“Multi-Wavelength Signatures of Galactic Black Holes’
Edison Liang, Rice University and LLNL

September 9, 1994
“The Propagation of MHD Wavesin Plasmawith Random Inhomogeneities’
Margarita P. Ryutova, Institute of Nuclear Physics, Novosibirsk, Russa

September 16, 1994
“Results from the ASCA X-Ray Observatory”
Nick White, NASA/GSFC

September, 22, 1994
“Three-Dimensional Local Instability in Accretion Disks’
Tzi-Hong Chiueh, National Central University, Taiwan

September 23, 1994
“Cosmic Gamma-Ray Bursts and Soft Gamma-Ray Repeaters’
Kevin Hurley, UC Berkeley, Space Sciences Laboratory

September 29, 1994
“Gamma-Ray Bursts from Fast Neutron Starsin the Gaactic Halo”
Stirling Colgate, Los Alamos National Laboratory

September 30, 1994

“Galaxy Formation and Globular Clusters’
Steve Zepf, UC Berkeley

Wor kshop

March 17-19, 1994
“Galactic Chemical Dynamics’
Host: Grant Mathews, LLNL
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Project uc Student LLNL o
No. campus investigators collaborators Project title
AP 95-02 Davis R. Becker W. van Breugel The VLA's survey of the sky at 1400 MHz
AP 95-05 Berkeley G. Basri K. Cook Variability of evolved starsinthe LMC
AP 95-06 Berkeley C. McKee J Bdll, Numerical studies of fragmentation in
R. Klein star formation regions
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burst and particle detector for the Mars
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AP 95-09 San Diego G. Fuller T. Weaver The evolution of supermassive objects
AP95-13 Santa R. Antonucci W. van Breugel Unified models and the alignment
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